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Search for Astrophysical Tau Neutrinos in Six Years




The IceCube Neutrino Observatory at the geographic South Pole is a cubic kilometer Cherenkov
detector built to measure high-energy neutrinos from cosmic sources. It has reported the detec-
tion of a diffuse flux of astrophysical neutrinos in the energy range from ∼10TeV to ∼10PeV
consistent with a neutrino flavor ratio of νe : νµ : ντ ' 1 : 1 : 1 as expected from pion decay in
astrophysical sources after propagation to Earth. However, no tau neutrino has been identified
so far. Its observation would be a smoking gun for astrophysical neutrinos and constrain their
possible sources. The double bang channel is most promising for identifying tau neutrino interac-
tions. Its event signature is unique to the tau flavor, linking two consecutive particle showers from
the charged current interaction of a tau neutrino with an ice nucleus and the subsequent decay of
the produced tau lepton. It can only be well resolved at deposited energies above a few 100TeV
where the average tau decay length is larger than 20m. Results are presented from an analysis
which uses an optimized direct reconstruction of the double bang event signature using six years
of high-energy starting events (HESE) in IceCube. It is the most recent search for tau neutrinos
allowing a measurement of the high-energy flavor ratio which, for the first time, is sensitive to the
tau neutrino fraction.
Corresponding authors: M. Usner∗1
1 DESY, Platanenallee 6, D-15738 Zeuthen, Germany
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1. Introduction
The IceCube Neutrino Observatory at the South Pole is a Cherenkov detector built to measure
high-energy neutrinos from cosmic sources. A volume of ∼1km3 of the Antarctic ice is instru-
mented with 5160 digital optical modules (DOMs). Neutrinos are observed via Cherenkov light
emitted by secondary particles produced in deep-inelastic neutrino-nucleon interactions. Details
about the detector instrumentation can be found in [1]. The IceCube collaboration has reported a
diffuse flux of astrophysical neutrinos in the energy range from∼10TeV to∼10PeV using multiple
years of operation [2, 3, 4, 5]. It is consistent with an observed flavor ratio of νe : νµ : ντ = 1 : 1 : 1,
however no tau neutrino interaction has been identified so far. IceCube has observed many track-
like events which can be readily distinguished from cascade-like events. While track-like events
are generated in νµ interactions, cascade-like events may be generated in both νe and ντ as well
as neutral current interactions. Therefore, the knowledge about the tau neutrino fraction is largely
unconstrained since no tau neutrino interaction could be identified so far.
An observation of a tau neutrino interaction in IceCube would be interesting for three reasons.
First, it could significantly improve the measurement precision of the astrophysical flavor ratio and
thus constrain possible production mechanisms and sources of cosmic neutrinos. The expected
ratio of ∼ 1 : 1 : 1 at Earth arises from the assumption that neutrinos are produced in the decays
of charged pions and secondary muons leading to a flavor ratio of 1 : 2 : 0 at the source [6]. There
are other source scenarios like the muon-damped case with 0 : 1 : 0 and the neutron-beam case
with 1 : 0 : 0 at the source leading to detectable flavor ratios at Earth that deviate from the usually
modeled 1 : 1 : 1 expectation [7, 8]. Second, atmospheric tau neutrinos from cosmic ray air showers
are strongly suppressed. In the relevant energy range above 100 TeV the atmospheric neutrino flux
is expected to be dominated by a charm component of which almost entirely only the Ds decay
produces detectable tau neutrinos. The flavor ratio of the prompt neutrino flux is expected to be of
the order of ∼ 1 : 1 : 0.1. Taking current upper limits on a prompt neutrino flux into consideration
[9], the observation of a tau neutrino event around 1PeV in IceCube is ∼ 100 times more likely
to be of astrophysical than of atmospheric origin. Third, only few tau neutrinos have ever been
detected in dedicated accelerator experiments and none at energies accessible to IceCube [10, 11].
There are many different signatures of tau neutrino interactions in IceCube. The most interest-
ing signature is the "double bang" (or "double cascade"). A charged current tau neutrino interac-
tion creates a hadronic cascade and a tau lepton that decays into a hadronic or an electromagnetic
cascade, thereby linking two subsequent cascades. It accounts for ∼ 59% of all tau neutrino inter-
actions. The mean decay length of the tau lepton scales with its energy and is on average ∼50m
per PeV tau energy. Therefore, most double cascade events at energies below ∼100TeV cannot be
resolved in IceCube and effectively look like single cascades.
Without tau neutrino identification, previous all-flavor ratio measurements were only based
on distinguishing track-like from cascade-like events and thus showed a large degeneracy between
the electron- and tau-neutrino fractions [12, 13]. The most recent direct search for tau neutrino
interactions in IceCube has seen no events and set an integrated upper limit on the tau neutrino
flux of φντ(Eντ)< 5.1 ·10−18(Eντ/100TeV)−2 GeV−1 cm−2 sr−1 s−1 [14]. A combination of both
results discussed in [13] and [14] gave the most stringent all-flavor ratio measurement including
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The analysis presented here introduces a new identification method of tau neutrino interac-
tions in IceCube by explicitly reconstructing events with a double cascade hypothesis. It aims at
the discovery of the first tau neutrino interaction in IceCube and the measurement of the astrophys-
ical neutrino flavor ratio sensitive to all flavors. It uses the high-energy starting events collected
between 2010 and 2016 in the energy range between 60TeV and 10PeV deposited electromagnetic-
equivalent energy. The sensitivity increases by identifying tau neutrino events with a decay length
as low as ∼20m and a deposited electromagnetic-equivalent energy above ∼100TeV. In Section 2
the well-known data sample of high-energy starting events is revisited and the reconstruction of
double cascade events is described. In Section 3 the observables, analysis method and systematic
uncertainties are explained. The results are discussed in Section 4 and summarized in Section 5.
2. Data Sample and Event Reconstruction
Figure 1: Simulated starting
event topologies: single cas-
cade (top), double cascade
(middle) and track (bottom).
The data sample used for this analysis is the high-energy start-
ing event selection (HESE) [2]. Neutrino events are identified by
defining the outer detector boundary as a veto region and by re-
quiring that no more than 3 of the first 250 photoelectrons occur
within the veto. In addition, at least 6000 photoelectrons are re-
quired per event corresponding to an energy threshold of ∼30TeV
deposited electromagnetic-equivalent energy. Recently this event
selection was updated to include a total of six years of data and
now consists of 82 events [5]. Above a deposited energy of 60 TeV
considered for this analysis there are 49 events on a total estimated
atmospheric background of 9.0+3.4−1.9.
Three starting event topologies are considered (see Figure 1).
Single cascades are produced in electron-neutrino and all-flavor
neutral current interactions. Double cascades are only produced
in charged current tau neutrino interactions where the tau lepton
decay produces either a hadronic or an electromagnetic cascade.
Tracks are produced by muons in charged current muon neutrino
interactions, in charged current tau neutrino interactions where the
tau lepton decays into a muon and by muons from atmospheric air
showers that do not trigger the veto condition.
Reconstruction of cascade- and track-like events is well estab-
lished in IceCube [16]. An event is reconstructed using a maximum-
likelihood fit where the expected arrival time distribution of photo-
electrons from a hypothesis is compared to the observed distribution
at each DOM. For the first time double cascade events are explicitly reconstructed. The event hy-
pothesis is constructed by extending a single cascade hypothesis by two more parameters: the decay
length and the electromagnetic-equivalent energy deposited in the decay. Consequently, the second
(decay) cascade is related to the first (interaction) cascade by assuming the two are connected by
a particle traveling at the speed of light and in the same direction as the primary neutrino. Both





























































































































Figure 2: Probability density distributions in the double cascade sample for (a) charged current tau neutrino
events where the tau lepton decay produces either a hadronic or an electromagnetic cascade and (b) for
all remaining events including atmospheric and astrophysical backgrounds assuming an E−2.3ν astrophysical
neutrino flux. The observables are the total deposited electromagnetic-equivalent energy and the double
cascade length. They show a linear correlation for signal events due to the energy dependence of the mean
decay length of the tau lepton. The diagonal lines indicate the 95% signal containment and the vertical lines
indicate the 68%, 90% and 99% background exclusion, respectively. The dominant background close to the
threshold of 10m double cascade length are misreconstructed single cascades.
Each event is reconstructed assuming all three event hypotheses. If the best-fit of the double
cascade reconstruction does not result in both cascades having at least 1TeV deposited energy and a
vertex with a maximum distance of 50m outside the fiducial volume, the event is classified as single
cascade or track based on which hypothesis has a greater likelihood. For all remaining double
cascade candidate events two topology estimators are defined on the basis of the reconstructed
vertex positions and energies of the double cascade event hypothesis. The energy asymmetry
EA = (E1−E2)/(E1 +E2) quantifies how much of the total deposited energy can be attributed
either to the first or the second vertex. An energy asymmetry of ±1 means that the event is a single
cascade by definition. The energy confinement EC = (EC,1+EC,2)/Etot gives the relation between
the deposited energy EC,i that is confined to a region of ±40m around the vertex position of each
cascade i = 1,2 and the total deposited energy Etot that is obtained from the deconvolution of all
possible energy losses along the track hypothesis. An energy confinement close to 1 means that the
event is very likely either a single or a double cascade. Events are classified as tracks by requiring
EC < 0.99. Double cascade events are selected by requiring a length greater than 10m, EC ≥ 0.99
and −0.98 ≤ EA ≤ 0.3. All remaining events are classified as single cascades. Consequently, a
ternary particle id (PID) is constructed using this classification scheme for three event topologies.
The total deposited energy and the decay length are used as observable for all events classified
as double cascades by this PID selection method (see Figure 2). Although the deposited energy is
not a direct measure of the tau energy the correlation between the mean decay length and the energy
of the tau lepton (c.f. Section 1) also holds for the total deposited energy. The correlation of the
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decay length of the tau lepton scales with its energy and the astrophysical neutrino flux is falling
steeply with energy, most double cascade events in the six-year data sample are expected to look
very similar to single cascades – in contrast to the event signature illustrated in Figure 1 (middle).
In fact, only ∼ 25% of all tau neutrino events expected in the HESE data sample have a decay
length greater than 10m. The mean selection efficiency of these events is ∼ 50%. The average
misidentification fraction for single cascades and tracks is∼ 10% and the misidentification fraction
for double cascades ranges from ∼ 50% to ∼ 5% depending on the tau decay length. Successfully
identified tau neutrino events have a median resolution of∼3m decay length and a neutrino energy
range from ∼200TeV to ∼10PeV.
3. Analysis
The analysis method to measure the astrophysical neutrino flavor ratio is a binned maximum-
likelihood fit where a sum of Monte Carlo templates each containing the observables for an astro-
physical or an atmospheric flux component is varied until it best describes the experimental data.
The likelihood is constructed using the Poisson probability for each observation bin and a Gaussian
penalty factor for each nuisance parameter using prior knowledge of the systematic errors [13].
The observables used in the likelihood fit are the total deposited electromagnetic-equivalent
energy and the zenith angle for the single cascade sample and the track sample. For the double cas-
cade sample the total deposited electromagnetic-equivalent energy and the double cascade length
are used. The dependence on the zenith angle is omitted in the double cascade sample due to limited
statistics. It is used in the single cascade and track samples because it constrains the atmospheric
background. In the double cascade sample, however, most of the background above 60TeV is of
astrophysical origin, hence the loss of information is inconsequential.
The astrophysical neutrino flux is modeled as a single power-law without a spectral cut-off.
The flavor normalizations φνe , φνµ and φντ as well as the common spectral index γ are free param-
eters of the fit. The atmospheric muon flux is based on the pure-proton extragalactic composition
of the H3a composition model [17] using SYBILL 2.1 as hadronic interaction model [18]. It is
renormalized to the number of expected muons estimated from events that are tagged in the veto
region of the detector as described in [2]. The atmospheric muon flux is modeled with a statistical
error of±30% that is determined from the number of these tagged events in experimental data. The
HKKMS06 model [19] is used to describe the conventional atmospheric neutrinos from the decay
of pions and kaons and the ERS model [20] is used to describe the prompt atmospheric neutrinos
from the decay of charmed mesons. Both models are modified to match newer measurements of the
primary cosmic ray spectrum in the "knee" region based on the H3a composition model [17, 21].
Furthermore, both atmospheric neutrino fluxes are modified with the generalized self-veto proba-
bility as described in [22] to account for the self-veto effect of atmospheric neutrinos accompanying
the vetoed muons from the same cosmic ray induced air shower in the atmosphere. An uncertainty
of ±30% on the conventional atmospheric neutrino flux includes uncertainties of the cosmic ray
spectrum and composition (pi/K ratio) and hadronic interactions models. Since no prompt neutrino
flux has been observed so far the prior is set to zero and the uncertainty is estimated to be +65%
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An energy scale is introduced as a systematic nuisance parameter that accounts for a potential
bias of ±15% on the deposited electromagnetic-equivalent energy. It arises from a ±10% uncer-
tainty on the relative DOM efficiency and a +10%−7% uncertainty on the scattering and absorption of the
ice model. An additional systematic nuisance parameter is an ice anisotropy scale that accounts for
a potential bias on the double cascade length based on the modulation of the nominal ice scattering
of +4%−8% known as ice anisotropy [23]. Its uncertainty is estimated to be ±30%.
The main parameters of interest for constraining the flavor ratio are the astrophysical flux nor-
malizations φνe , φνµ and φντ . Sensitivity calculations are based on a 1 : 1 : 1 flavor ratio assuming
an astrophysical per-flavor flux of φν(Eν) = 1.5 ·10−18(Eν/100TeV)−2.3 GeV−1 cm−2 sr−1 s−1 cor-
responding to the best-fit in [3]. The expected number of events in the double cascade sample for
a six-year dataset with this spectrum is 2.318+0.038−0.029 tau neutrino events on a total astrophysical and
atmospheric background of 0.939+0.219−0.092 events. The majority of tau neutrino events are not identi-
fiable as such and are thus classified as single cascades for neutral current interactions or charged
current interactions where the tau decay length is too short or as tracks if the tau lepton decays into
a muon. The number of identifiable tau neutrino events is strongly dependent on the assumed as-
trophysical neutrino flux and can be significantly reduced by a steeper spectrum, a spectral cut-off
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Figure 3: Median all-flavor ratio sensitivity using a binary PID
of cascades and tracks (standard HESE) and a ternary PID of
single cascades, double cascades and tracks (this work)
.
The sensitivity to constrain the
tau neutrino flux is defined as median
detection significance of the best-
fit hypothesis compared to the null-
hypothesis where the tau neutrino
flux is zero using a likelihood ratio
test. Injecting the aforementioned
astrophysical flux at a flavor ratio
of 1 : 1 : 1 and modeling the test-
statistic distribution as a χ2 distribu-
tion with one degree of freedom un-
der the assumption of Wilks’ theo-
rem [24] the median detection signif-
icance for a six-year dataset is 2.5σ.
The all-flavor ratio sensitivity is de-
rived from a two-dimensional profile
likelihood scan comparing each test
point to the best-fit hypothesis using
a likelihood ratio test. The confi-
dence levels are determined by modeling the test-statistic distribution as a χ2 distribution with
two degrees of freedom. In Figure 3 this profile likelihood scan around the best-fit of the injected
flavor ratio of 1 : 1 : 1 is shown for a binary PID of cascades and tracks and a ternary PID of single
cascades, double cascades and tracks using the Asimov dataset [25]. The binary PID corresponds to
the method used in previous HESE publications and the ternary PID is the extension described here.
It can clearly be seen how the degeneracy in the electron- and tau-neutrino fractions is decreased
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4. Results
No tau neutrino candidate event with a deposited energy above 60TeV was observed. Conse-
quently, the best-fit of the tau neutrino normalization is zero. The total astrophysical flux normal-
ization and spectral index are consistent with the results discussed in [5]. The integrated 90% upper
limit of the tau neutrino flux is φντ(Eντ) < 2.95 · 10−18(Eντ/100TeV)−2.94 GeV−1 cm−2 sr−1 s−1.
The best-fit astrophysical neutrino fractions are fνe = 0.51
+0.12
−0.13, fνµ = 0.49
+0.12
−0.13 and fντ = 0.00
+0.16
−0.00
which correspond to a flavor ratio of ∼ 1 : 1 : 0. A two-dimensional profile likelihood scan around
the best-fit flavor ratio is shown in Figure 4. The flavor ratio of∼ 1 : 1 : 1 expected from pion decay
at the source is in agreement with the best-fit. The previously published flavor ratio measurement
is shown in comparison [13]. Note that these contours are smaller with respect to the electron-
and muon-neutrino fractions since they are derived from the combination of multiple data samples
(including HESE) that contain a large number of track-like events. However, the tau neutrino frac-
tion can be constrained better with the method presented here due to the increased sensitivity in the




































































Figure 4: All-flavor ratio measurement using the ternary PID
(this work) on the six-year HESE data sample. The best-fit is
marked with ’×’. The solid and dashed lines show the 68% and
95% contours, respectively. Compositions expected at Earth are
marked for three different source scenarios. The gray lines show
the previously published 68% and 95% contours [13].
The lack of tau neutrino can-
didate events is best explained
by either a statistical fluctua-
tion or a spectral shape that
is more complex than a single
unbroken power-law. The up-
dated HESE data sample includ-
ing two more years revealed a
lack of events with a deposited
electromagnetic-equivalent energy
above 200TeV. The accumu-
lation of more low-energy and
fewer high-energy events might
arise from a more complex spectral
composition. However, it is not
possible to distinguish more com-
plex models from the assumed sin-
gle power-law model with the cur-
rently available data. For a differ-
ential flux model with reduced assumptions on the spectral shape by fitting an independent flux nor-
malization in each energy band [5], the prediction of identifiable tau neutrino events is 1.441+0.024−0.018
on a total background of 0.938+0.219−0.092 events, assuming a flavor ratio of 1 : 1 : 1. Not observing any
tau neutrino candidate event then corresponds to a p-value of 9.3%.
5. Summary and Future Plans
The work presented here extends the high-energy starting event analysis by introducing the
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ables a ternary PID is defined to measure the astrophysical flavor ratio and constrain the tau neutrino
fraction with an improved sensitivity. No tau neutrino candidates were observed. The measured
flavor ratio of ∼ 1 : 1 : 0 is in agreement with an expectation of ∼ 1 : 1 : 1 from pion decay at the
source. There are multiple efforts to improve the constraints on the astrophysical neutrino flavor
ratio by combining numerous event selections [26], by extending the double cascade reconstruction
to events in the entire fiducial volume (including the veto region) [27] and by improving alternative
detection methods of tau neutrino interactions [28].
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The IceCube observatory, located at the South Pole has been completed in 2010 and is the largest
neutrino detector in the world. PeV neutrinos have been discovered in previous analyses which
were optimised for different event topologies. A new search has been developed to select PeV
cascades that are not fully contained in the detector. It is therefore sensitive to the Glashow res-
onance at 6.3 PeV. Together with the existing high-energy-starting-events (HESE) and extreme-
high-energy (EHE) channels, the combined event selection provides the highest sensitivity to the
beyond-PeV region, where a cut-off in the spectrum could occur. We will show the sensitivities
for six years of data taking to demonstrate the preferred scenario for the cut-off energies and
possible constraints on the flavour-dependent cut-off. The result is important both for understand-
ing the source properties and for providing the possibility of reliable astrophysical-background
estimations of GZK neutrino searches.
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1. Introduction
After more than a century since the discovery of cosmic-rays, we know little about their ori-
gins. These charged particles carry extreme energies and are expected to interact with gas and
radiation at the source, producing pions which subsequently decay into neutrinos and photons.
The fact that neutrinos are weakly-interactive makes them ideal messengers for studying the high-
energy universe but also makes them hard to be detected. One example of indirect measurement of
neutrinos is to detect Cherenkov photons, which are emitted by charged particles produced in the
interactions between neutrinos and matter in a transparent medium such as in water or ice.
The IceCube Neutrino Observatory, located at the South Pole, was completed in 2010 with
more than 5000 photo-sensors buried in the deep ice that instrument a volume of one cubic-
kilometre to search for such Cherenkov photons. The detection of extraterrestrial neutrinos has
been reported in [1] and in particular four neutrinos with deposited energy greater than 1 PeV
have been found [2, 3, 4]. The discoveries by the IceCube collaboration opened a new window for
multi-messenger astronomy that allows to probe the cosmic-ray sources and their properties via the
neutrino channel. For instance, the energy of the neutrinos is expected to be ∼ 5% of the energy of
the nucleon at the source. By measuring a cut-off in the energy spectrum of the neutrinos one could
learn about the acceleration capability of the source. More importantly, a significant constraint on
the existence of a spectral cut-off at high energies would provide information on whether the ob-
served IceCube spectrum extends beyond few PeV, and if it might be connected with the sources
of ultra-high energy cosmic-rays.
The Glashow resonance [5] at 6.3 PeV enhances the detection probability for electron anti-
neutrinos and could be used to constrain a potential spectral cut-off in the PeV energy range. In this
paper, we introduce a new event selection that was developed to recover PeV events which failed
the selection criteria of both, the high-energy starting event sample (HESE) [2] and the extreme-
high energy event sample for on-line alerts (EHE-PeV) [1, 7]. The sensitivity for constraining a
cut-off with all three combined sample is shown for 6 years of data-taking.
2. A new channel for PeV neutrinos
Among the four multi-PeV events seen so far by IceCube, three are cascades with vertex
positions inside the detector volume and one is a through-going track. Several analyses targeting
different physics goals [1, 2, 4, 8] have detected these events independently. The HESE sample
relies on a veto technique [2] to efficiently reject cosmic-ray background and only selects events
with vertex positions located within the fiducial volume. The EHE-PeV sample selects through-
going tracks induced by νµ with energies ∼ 1 PeV. To illustrate the characteristics of electron
neutrinos selected by HESE, Figure 1(a) shows the vertex position of HESE-selected νe events of
energies greater than 1 PeV. Figure 1(b) shows events which are selected neither by HESE nor by
EHE-PeV.
As expected, the HESE selection is limited by the fiducial volume. The gap at z ≈ −200 m
indicates the position of the dust layer in the ice, which is known to feature strong absorption and
scattering of light. High-energy events often register significant amount of signals in the detector
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Figure 1: (a) Vertex positions of simulated multi-PeV electron neutrinos selected by HESE. (b) Vertex
positions for those which failed the selection criteria of both, HESE and EHE-PeV. The colour scale indicates
the event rate per bin. ρ,z denote cylindrical coordinates with the origin in the center of IceCube. The
neutrino spectrum is assumed to be E−2 for neutrinos with νe/ν¯e = 1 : 1.
effective volume of the HESE sample, one needs to extend the allowed region for the interaction
vertex position to the outside of the detector. The goal of this analysis is therefore the selection
of PeV Energy Partially-contained Events (PEPE), with special focus on the Glashow resonance at
6.3 PeV. The dust-layer is also excluded in the new event selection.
Since the branching ratio of the W− decay is ∼ 67% for hadron jets and ∼ 11% for electro-
magnetic showers, the dominant Glashow signals are cascade-like events. A previous study from
IceCube [8] already explored the possibility of including the partially-contained cascade channel
using a simple classification of the events based on their reconstructed properties. Here we propose
to use machine-learning techniques to further enhance the classification of signal and background
with emphasis on the signal purity at the energy of the Glashow resonance.
There are > 107 events generating at least 103 photoelectrons in the ice per year although only
few of which are expected to be PeV neutrino signals. The majority of the events are track-like
background from muons produced by cosmic rays propagating in the atmosphere. To ensure the
new event sample is statistically independent from the HESE and EHE-PeV samples, the events
that pass the former two selections are excluded from the PEPE sample. Next a gradient-boosted
decision tree (BDT) [9] was trained with 11 observables such as the rise time of the PMT wave-
form, and the displacement of the mean position of the detected photons from the interaction vertex.
Note that none of the BDT inputs needs high-level reconstructions, which reduces the effects due
to uncertainties on the ice properties. Only electron neutrinos of generated energies > 1 PeV are la-
belled as signal in the training. Selection efficiencies and expected rates for signal and background
at various steps in the selection process is shown in Figure 2.
Approximately ∼ 20% of the electron neutrinos are selected by HESE, leaving the remaining
of ∼ 80% unexplored. By selecting events of BDT score > 0.5, ∼ 40% of the PeV signals are
saved by PEPE. The remaining 40% are rejected due to being located in the dust layer or having
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(a) (b)
Figure 2: Decrease of selection efficiency and event rate due to HESE, EHE-PeV and BDT score require-
ments. 10% of data took in 2015 is shown in black to compare with simulations. The solid red lines are
expectations of electron neutrinos of energy greater than 1 PeV under the assumption of an E−2 spectrum.
with vertex position more than a string-spacing away from the outermost layer of the detector are
less bright, harder to be distinguished from background, and more difficult to reconstruct. An
illustration of events kept or rejected by the BDT cut is shown in Figure 3.
(a) (b)
Figure 3: (a) X-Y projection for vertex positions of electron neutrinos with energy > 1 PeV and BDT score
> 0.5 (b) Vertex positions for electron neutrinos of energy > 1 PeV and BDT score < 0.5.
For cosmic-ray background, the BDT score is found to be correlated with the fraction of the
energy carried by the leading muon over the total energy of all muons reaching IceCube. High-
energy muons lose energy stochastically and could register as cascade-like signals when the track
travels outside of the detector. Cosmic-rays with BDT score > 0.5 are mostly high-energy leading
muons of energy ∼ PeV carrying > 90% of the total muon signal in the shower. These rare events
are dominantly produced in the air-showers originating from cosmic-ray protons. Simulations were
generated via CORSIKA [10] with SIBYLL2.3 [11], charm components have been included. The
dominant contribution is from kaons and pions and the charm fraction is less than 10% for leading
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To reconstruct cascade-like events, a point-like Cherenkov light emitter is assumed and the
expectations of the number of Cherenkov photons and their arrival times at each DOM is com-
pared to observations or simulated events. Photons from the tracks that comprise the background
have worse agreement with such a hypothesis than photons from cascades. This allows further
reduction of the background using a goodness-of-fit estimator. The final event selection parameters
are optimised for the best data-MC agreement in the background-dominated region and the best
signal-background separation in the signal-dominated region, defined by a BDT score > 0.5 and a
goodness-of-fit < 10.
(a) (b)
Figure 4: Effective area for νe (a) and νµ (b) of HESE, PEPE and EHE-PeV
The effective areas averaged over solid angle of νe and νµ are shown in Figure 4. The PEPE
sample surpasses HESE at ∼ 500 TeV for detecting electron neutrinos and the gain increases with
neutrino energy.
3. Event reconstruction of partially-contained cascades
The reconstruction of partially-contained cascades is based on a likelihood fit which max-
imises the agreement between observation and expectation for the arrival time and intensity of
Cherenkov photons assuming a cascade of energy E, vertex position (x,y,z), zenith angle θ and
azimuth angle φ . To understand how well partially-contained cascades can be reconstructed and
how well data agrees with simulations, one of the PeV contained cascades detected by IceCube [1]
has been selected for a cross-check with simulations. A thousand PeV-cascade events are simulated
with vertex positions in a sphere centred at the best-fit value and a radius corresponding to the un-
certainty of the vertex position fit. The energy is set to the best-fit energy. For each of the simulated
events, the same reconstruction algorithms are applied, and the reconstructed energy and the zenith
angle are recorded. Simulations are made using the SpiceLea model for the optical properties of
the ice [12], which takes into account the anisotropy of the light propagation and the tilt of the ice
layers. The distribution of ∆E/E, which is defined as (Erec−EMC)/EMC is shown in Figure 5(b).
In the next step, a wall of strings from the edge of the detector is artificially removed from
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Config. removed string count NPE ∆E/E (MC) ∆E/E (data)
original N/A 24830 0.6% 0%
-1 layer 6 24707 0.5% -0.2%
-2 layers 13 21854 -1.9% -4.9%
-3 layers 21 8587 30% 25%
Table 1: Comparison of the following configurations: the unmodified reconstruction of the measured PeV-
event and three modified reconstructions with less layers of strings (see text). The number of photoelectrons
(NPE), the difference in reconstructed energy, ∆E/E for simulations and data, are given.
that the effect of reconstruction for the real data yields (Ecut1layer−Enocut)/Enocut about −0.2%
and a bias on reconstructed zenith angle of about −0.5◦, which are in good agreement with the
simulation.
(a) (b)
Figure 5: (a) Event view of one of the contained PeV events found by IceCube and after one, two and three
outer layers of strings have been removed. (b) Reconstruction resolutions of energy for re-simulated PeV
events. Each histogram corresponds to 1000 events simulated in one of the scenario in (a) and the dashed
lines show the median of each distribution. The reconstructed results from the real data is shown in Table1.
Further removal of a layer of strings results in −5% energy bias and +0.35◦ of reconstructed
zenith angle for data. With three layers of strings removed, the event is left with 1/3 of total charge,
the biases of reconstructed energy and zenith angle are +25% and +20◦. All the cases data and
simulations agree within allowed uncertainty range. The overestimation of energy in the latter case
is due to a wrongly fitted vertex position. The best-fit vertex positions are dragged further outside
of the detector, so to compensate the signals the energy of the event needs to be higher. More
tests have been carried out such as to remove DOMs on horizontal layers. The same conclusion
is reached: when the vertex position is located far outside of the detector and only a fraction of
scattered photons are observed, the reconstructed energy can be overestimated. The bias has been
observed consistently for both data and simulations. It is planned to do further studies to improve
the reconstruction on an event-by-event basis if PeV events are found in the data. For events
selected by PEPE, the median error of zenith angle is ∼ 15◦ and the median error on deposited
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4. A global fit for a spectral cut-off at PeV energies
A fit of the spectral parameters is performed using a binned Possion-likelihood method com-
paring the observed and expected number of events for two bins in zenith angle and five bins per
decade in reconstructed energy. Track-like events from the HESE sample are not included in this
fit, but only events which can be reconstructed with a single point-like cascade hypothesis are
included.
About a factor of two more Glashow resonance events are expected in the PEPE sample when
compared to the HESE sample. Similarly the EHE-PeV selection nearly doubles the sensitivity
for PeV νµ compared to HESE. The combined dataset allows to test the presence of a cut-off and
its energy more precisely than with the HESE sample alone. An Asimov-style [13] test has been
carried out with the following assumptions: a 1:1:1 flavour mixing ratio, νe : ν¯e = 1 : 1 and a
neutrino spectrum of dΦ/dE = 2.7× (E/100TeV)−2.29e−E/2.21PeV×10−18GeV−1cm−2s−1, which
is consistent with the best fit result from the global analysis [14]. The profile-likelihood scan on
the spectral index γ and the cut-off energy is shown in Figure 6. The contours have been obtained




Figure 6: Profile likelihood scan on γ and cut-off energy for Asimov test of γ =−2.29, normalisation= 2.7×
10−18GeV−1cm−2s−1 and Ecut = 2.2 PeV (a) HESE only contour (b) HESE+EHE contour (c) combined
HESE+EHE+PEPE.
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off energy. For instance, assuming a hard spectral index γ =−2.09, the number of events expected
in 6 years with reconstructed energy above 2.5 PeV ranges from ∼1 to ∼6 events when assuming
a cut-off energy of 2.2 PeV and 100 PeV, respectively.
5. Conclusion and outlook
A new method to search for PeV events using partially-contained cascades has been intro-
duced. It has been optimised to complement the existing search methods. It increases the effective
area at the energy of the Glashow resonance by a factor of∼2, where the expected number of events
varies strongly depending on the assumption of the spectral shape. Soon 6-years of full data will
be unblinded and a global-fit for a cut-off including HESE, EHE-PeV and PEPE samples will be
performed. Systematic uncertainties such as the optical properties of ice and hadronic interaction
models for atmospheric muon production will be included.
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High Energy Astrophysical Neutrino Flux
Measurement Using Neutrino-induced Cascades




We report a new measurement of the diffuse flux of high energy extraterrestrial neutrinos from
the entire sky with energies of O(1TeV) and above. We have analyzed four years of IceCube
data recorded from 2012-2015 focusing on neutrino-induced particle showers. These cascades
stem predominantly from electron and tau neutrino interactions, provide good deposited energy
resolution and have a lower rate of atmospheric production than muon neutrinos. A new
event selection has been developed combining traditional straight cuts with gradient boosted
multi-class decision trees to isolate cascades more efficiently, resulting in the largest cascade
sample obtained by IceCube to date. The observed astrophysical component dominates at
energies above 20TeV and is well described by a single, unbroken power-law. The preliminary




) ·10−18 GeV−1s−1sr−1cm−2 in agreement with previous IceCube measurements.
We investigated the possibility of a spectral hardening at the upper end of the spectrum by
allowing a second power-law component to enter our flux model. No evidence for such hardening
has been found. In the near future we expect improved results by adding IceCube’s existing
cascades from the preceding two years (2010-2011) into this analysis thereby enlarging the total
live time to six years.
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1. Introduction IceCube [1] is a cubic-kilometer neutrino detector installed in the glacial
ice at the geographic South Pole between depths of 1450m and 2450m. IceCube observes neutrinos
based on optical measurements of Cherenkov radiation emitted by secondary particles produced in
neutrino interactions. Those interaction are dominated by deep-inelastic scattering (DIS) between
neutrinos and nucleons in the ice. Events can be distinguished by the pattern of their light deposi-
tion mainly into tracks and cascades. Tracks arise primarily from through-going or starting muons
while cascades can be produced by charged-current interactions of νe and ντ and by neutral current
interactions of any flavor. Most particles triggering IceCube are atmospheric muons produced in
cosmic ray induced air showers. The same air showers also generate atmospheric neutrinos. In
addition IceCube reported the discovery of high energy neutrinos of extraterrestrial origin [2][3].
Their production is assumed to be associated with particle acceleration at cosmic ray sources.
Based on diffusive shock acceleration and neutrino oscillations during propagation one expects the
flux to exhibit a power-law spectrum E−γ [4][5] with an approximately equal flavor admixture at
earth (νe : νµ : ντ ≈ 1 : 1 : 1) [6]. Several IceCube analyses have measured the spectrum of as-
trophysical neutrinos [3][7][8][9]. The observed spectral indices range from γ ∼ 2.2 when muon
neutrinos from the Northern Sky are considered, observing astrophysical neutrinos above 119TeV,
to γ ∼ 2.7 when cascades are studied with sensitivity primarily to electron and tau neutrinos from
the entire sky in the several O(10TeV) energy range. Compared to the track channel, the cascade
channel benefits from smaller atmospheric background levels as well as from a superior (deposited)
energy resolution of ∼ 15% (E > 10TeV). We present new results concerning the spectral behav-
ior of the astrophysical neutrino flux using cascade events observed in four years of IceCube data
recorded from 2012-2015. In the future this dataset will be combined with the cascades presented
in the previous analysis [9], subsequently referred to as “2yr-cascades“.
2. Event Selection The event selection we present in this paper improves over the 2yr-
cascade analysis by enhancing the cascade signal efficiency (> 20% for reconstructed energies
Erec > 60 TeV) and lowering the energy threshold from Erec = 10TeV down to O(1TeV) thus
reducing systematic uncertainties. The selection criteria were determined by comparing Monte-
Carlo simulations for signal and background contributions. The simulations were generated using
the same software packages as in the previous work [9], most notably full air shower simulation
(CORSIKA) to model cosmic-ray induced muon background. The events that are most difficult
to identify as background are single muons that deposit most of their energy in a single cascade
like energy loss, thus mimicking a cascade like signature. Following ref. [8] we now rely on a
parametrization of the single muon yield derived from CORSIKA [10] to more efficiently predict
this background. While the modeling of the conventional atmospheric neutrino component remains
unchanged [9] (HKKMS06 [11] with modifications [12]) we altered the prediction for prompt at-
mospheric neutrinos [13] following the updated calculation described in [14] by the same authors.
At high energies (Erec ≥ 60TeV) we isolate cascade events using straight cuts based on the topol-
ogy variables described in the previous analysis [9][15] or slight modifications thereof. Cut values
were chosen to maximize signal efficiency while suppressing the atmospheric muon background
expectation to zero. At lower energies a gradient boosted multi-class decision trees classifier [16]
is used to suppress atmospheric muon background and separate the remaining events according to
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atmospheric neutrinos. Each event is assigned three scores: muon score, hybrid score and cascade
score measuring the compatibility of the event with a muon, starting track or cascade topology,
respectively. Figure 1 (left) shows for one year the the deposited energy distribution of events
passing all selection criteria of the high energy selection except the final Erec > 60TeV cut for one
year of data. Also shown is the BDT’s cascade score distribution used to define the cascade signal
region (center). The simulations agree well with the observed data. The final low (high) energy
selection achieves a neutrino purity of > 90% (100%). Figure 1 (right) shows the effective areas
of the cascade sample for the three different neutrino flavors after combining the low and high en-
ergy selections and demonstrates sensitivity primarily to electron and tau flavors. In total 19 events
were found with reconstructed energies above 100TeV. The highest energy cascade previously
not reported by IceCube, is located at a depth with shorter than average absorption length due to
high concentration of dust particles in the ice and has been reconstructed with an energy deposit of
2PeV. Further studies using improved estimates of the absorption length at these depths resulted
in a lower, more realistic reconstructed energy of 800TeV. The corresponding systematic uncer-



















































































Figure 1: Deposited energy of high energy selection before final energy cut for the year 2015 (left); Distri-
bution of cascade.score (BDT variable) used in low energy selection (center). Signal regions are marked as
green shaded bands. Effective areas of the combined cascade samples (low energy ∪ high energy) (right).
3. Analysis Method The measurement of the astrophysical neutrino spectrum is per-
formed by matching the reconstructed energy distribution to the simulation prediction by numer-
ically maximizing a binned poisson likelihood. Similarly, approximate 100(1−α)% confidence
regions are obtained using the profile-likelihood method in conjunction with Wilks’ theorem, as in
ref. [9]. If prior information about the parameters of interest is available, we use a Bayesian method
and calculate 100(1−α)% highest posterior density (HPD) credible regions C [17] defined by
C = {θ ∈Θ : pi (θ |x)≥ k (α)} (1)
1−α ≤ P(C|x) =
∫
C
pi (θ |x)dθ =
∫
C
f (x|θ) ·pi (θ)dθ (2)
where k (α) is the largest constant satisfying Eq. (2). pi (θ), pi (θ |x) and f (x|θ) ∝ L(θ |x) are prior
distribution, posterior distribution and likelihood function respectively. The same formalism allows


































































































































































Figure 2: Best fit distributions assuming single power-law model. Top: Energy distributions for cascades
(left: Southern sky, center: Northern sky) and starting tracks (right: entire sky). The starting track sample
only covers energies up to E = 60TeV (red band). Bottom: Cascade zenith distributions for all energies
(left), E > 10TeV (center) and E > 60TeV (right).




g(z|θ)pi (θ |y)dθ . (3)
Tail area probabilities are then defined as P(z≥ zobs|y) [18], where zobs is the observed value of z
in this sample and can be obtained from the predictive density p(z|y) by integration.
We separate the cascade events according to their reconstructed zenith angle Θrec into two groups:
’Northern Sky’ (cosΘrec < 0) and ’Southern Sky’ (cosΘrec ≥ 0). Neutrinos classified as starting
tracks from the whole sky form the third group, a νµ -CC control group (Erec < 60TeV). Finally,
we require the total sum of predicted events below the cuts (Erec < 60TeV) to match the total num-
ber of observed events in that region (down to cascade.score=0.1, see Fig. 1) within uncertainties.
Sources of systematic uncertainties remain the same as before and are discussed in more detail in
ref. [9]. We revised the treatment and implementation of detector related systematic uncertainties
(scattering and absorption of photons in the ice, optical efficiency of the DOMs to photons) into
our likelihood function to describe the sensitivity of this analysis to these effects at lower energies
(Erec < 10TeV). Each effect is now treated separately and contributes a nuisance parameter to the
fit that adjusts the nominal simulation prediction in each bin by independent, multiplicative effi-
ciency corrections. The relationship between the size of the effect, i.e. the value of the nuisance
parameter, and the efficiency correction is treated as linear and has been determined from dedicated
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= 𝟣.𝟨 ⋅ ( 𝖤𝟣𝟢𝟢𝖳𝖾𝖵 )−𝟤.𝟦𝟪× 𝟥
±𝟣
𝖽𝗂𝖿𝖿𝖾𝗋𝖾𝗇𝗍𝗂𝖺𝗅 𝗆𝗈𝖽𝖾𝗅
Figure 3: Left: Profile likelihood contours for single power-law parameters; this work (blue), 2-yr cascades
(green) and 8-yr diffuse νµ (red). Right: Best fit of differential flux model (see text), summed over all three
ν-flavors assuming (νe : νµ : ντ) = (1 : 1 : 1). The sensitive energy range (see text) is highlighted in red.
Parameter Prior Result
spectral index γ - 2.48±0.08
norm astro φ - (1.57+0.23−0.22) c.u.
norm conv φconv 1.00±0.30 (1.12±0.10) ·ΦHKKMS06
norm prompt φprompt 0.0+1.8−0.0 ·ΦBERSS < X ·ΦBERSS(∗∗)
norm muon φmuon - 1.40±0.04
scattering scale εscat 1.00±0.10(∗) 1.07±0.02
absorption scale εabs 1.00±0.10(∗) 0.99±0.03
dom efficiency εe f f 0.99±0.10 1.00±0.06
Table 1: Single power-law fit results. (1c.u. ≡ 10−18 GeV−1s−1sr−1cm−2). (∗) This prior uses a bi-variate
normal distribution to account for anti-correlation. (∗∗) This upper limit is still under evaluation.
4. Results
4.1 The Single Power-Law In this section we assume the astrophysical neutrino flux
to follow a single, isotropic, unbroken power-law with equal contributions from all flavors:
Φν = φ × (Eν/100TeV)−γ . (4)
with per-flavor normalization φ at Eν = 100TeV and spectral index γ . The best-fit flux parame-
ters are φ =
(
1.57+0.23−0.22
) · 10−18 GeV−1s−1sr−1cm−2 and γ = 2.48± 0.08. The best-fit values and
uncertainties of all other fit parameters can be found in Tab. 1. The flux is measured above the
conventional neutrino background in the energy range [7] from 12TeV to 2.1PeV. Figure 2 shows
good agreement between the corresponding reconstructed energy and zenith distributions predicted
from our Monte-Carlo simulations and the observed data. The 68% confidence region (blue) for
the astrophysical parameters is shown in Fig. 3 (left) and compared to the result of the previous
analysis [9] using 2 years of IceCube data with reconstructed energies larger than 10TeV (green).
Both measurements agree well within uncertainties. Also shown is the result of the most recent
IceCube measurement, using muon neutrinos from the Northern Sky, that observed astrophysical
neutrinos above Eν = 119TeV (red) [7]. Both measurements are consistent only at the p = 0.04
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uncertainties compared to the 2-year cascades due to the large number of events at low energies
(Erec < 10TeV), which translates into reduced uncertainties especially in the measurement of the
astrophysical normalization.
4.2 The Differential Model While the single power-law appears to be an adequate de-
scription of this cascade dataset, we explored a semi-parametric alternative model, the “differential
model“, used in previous IceCube analyses [3][8][9]. See ref. [9] for details. The fit result (black)
is shown in Fig. 3 (right) and compares well to the parametric single power-law fit (red). Large
uncertainties are observed at low energies Eν < 10TeV, where conventional background dominates
the spectrum, as well as at highest energies Eν > 200TeV, where only six events were found.
4.3 The High Energy Tail (E>200TeV) At energies above 200TeV we expect essen-
tially no atmospheric background in this sample. Figure 4 (left) shows the likelihood function for
a restricted high energy Erec > 200TeV fit with all nuisance parameters fixed to their nominal val-
ues. Also shown are the results of previous measurements, the 2-year cascades [9] (black) and the
8-year tracks [7] (white). The six high energy events do not provide sufficient information to dis-
tinguish between the two past results and appear consistent with both. The highest energy cascade
has a deposited energy of 2PeV and was reported by IceCube before [3]. We studied the compat-
ibility of this observation with predictions from the 2-year cascades [9] and the 8-year tracks [7],
by calculating the predictive distributions (Eq. 3) for the maximum cascade energy to be observed
in this sample. The result is shown in Fig. 4 (center). Observing a highest energy cascade with
a deposited energy of 2PeV or less is possible for both assumptions: P(Emax ≤ 2PeV|y) = 0.40
with y ≡ 2-year cascades (0.09 with y ≡ 8-year tracks). Finally observing only six events or less
in total, while interpreted as under-fluctuation, is plausible for both previous results with predicted
probabilities of P(Nevents ≤ 6|y) = 0.14 with y≡ 2-year cascades (0.05 with y≡ 8-year tracks).
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Figure 4: Left: Likelihood function of single power-law model for Erec > 200 TeV; also shown: 2-year
cascades (black) and 8-year diffuse νµ (white) results. Center: Predicted distribution of maximum observed
energy (see text) assuming an unbroken power-law. Right: Profile likelihood scan of parameters describing
a possible second power-law component (see text).
4.4 The 2-Component Power-Law Motivated by the 8-year track measurement ob-
serving a harder spectrum at energies above Eν = 119TeV we studied the possibility of a spectral
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with 0 < α < 1, ∆γ ≥ 0. α denotes the mixture fraction, the fraction of the total flux at Eν =
100TeV contributed by the harder of the two components. ∆γ describes the amount of spec-
tral hardening. The maximum likelihood best-fit values for the new parameters are α → 0.0 and
∆γ = 0.0 such that we find no evidence for the existence of a second component. The fit reduces this
model to the single power-law. Figure 5 visualizes the profile-likelihood function for the parame-
ters α and ∆γ . The constraints on the parameter ∆γ depend on the mixture fraction α . The strongest
limits are obtained if both components were to contribute equally to the flux at Eν = 100TeV. In
order to interpret this result in the context of the 8y-track measurement, we separately calculate
HPD regions for the pairs γsoft, φsoft = (1−α)φ and γhard = γsoft−∆γ , φhard = α ·φ using Eq. (2),
first assuming uniform prior distributions for all four parameters in Eq. (5). Figure 5 (top) shows
the resulting contours for the hard (left) and soft (right) components. In this scenario the constraints
on the hard component overlap with the 8-year tracks result (red). It is difficult to constrain both
components simultaneously using this sample alone due to a strong anti-correlation between the
normalization parameters of both components in absence of evidence for spectral hardening in the
likelihood. An improved estimate can be obtained by directly interpreting the track result as prior
pdf for the hard component, while keeping the identifiability constraint γhard ≤ γsoft (∆γ ≥ 0) as
before. The corresponding HPD regions are shown in Fig. 5 (bottom). The posterior pdf for the













































































































































Figure 5: Posterior densities for hard (left) and soft (right) components for different choices of prior distri-
butions (see text): uniform prior distributions (top) and using the result of the 8-year track measurement [7]
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is observed. In conclusion, while not preferred, the existence of a harder second flux component
with properties given by the 8-year track measurement would be consistent with this dataset.
5. Summary We have performed a new measurement of the high energy astrophysical
neutrino flux using neutrino induced cascades observed by IceCube in a four year period (2012-
2015). According to this analysis the astrophysical component is expected to dominate the ob-
served energy spectrum at energies above 20TeV and appears well described by a single, unbroken
power-law. The preliminary fit result is a spectral index of γ = 2.48±0.08 with a per-flavor normal-
ization at Eν = 100TeV of Φ= (1.57+0.23−0.22) ·10−18GeV−1s−1sr−1cm−2 in agreement with previous
IceCube analyses. We investigated the possibility of a spectral hardening of the neutrino flux at
highest energies as indicated by a recent analysis of muon neutrinos from the Northern Sky by
allowing a second power-law component to enter the flux model. While no evidence for the exis-
tence of such a component was found, our results do not exclude it either. We further showed that
the highest energy events (Erec > 200TeV) observed in this sample, while being highly informa-
tive about the existence of high energy astrophysical neutrinos, due to their small numbers do not
provide strong constraints on the spectral behavior of this flux and leave room for interpretation.
In the near future we expect improved results from combining this dataset with cascades from the
preceding two years as well as from an upcoming fit to all IceCube detection channels [19].
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A Measurement of the Diffuse Astrophysical Muon





Recently the IceCube collaboration confirmed the astrophysical neutrino flux in the muon neutrino
channel with high significance using six years of data. This analysis used a likelihood approach
with reconstructed muon energy and zenith angle as observables to measure the properties of the
astrophysical muon neutrino flux. Additionally constraints on the prompt atmospheric neutrino
flux from the decay of charmed mesons were obtained. In this contribution we will present an
update to this analysis using eight years of data collected from 2009 through 2017, containing
about 500,000 muon neutrino candidates with a negligible contribution of atmospheric muons.
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1. Introduction
The detection and use of high-energy astrophysical neutrinos as cosmic messengers has been
an outstanding goal in the field of astroparticle physics. In 2013 the IceCube neutrino observatory
[1] reported the first evidence for the existence of a diffuse flux of extraterrestrial neutrinos at
high energies [2, 3]. The discovery was based on neutrinos of all flavors above a few 10 TeV that
interact within the detector volume (starting events). Shortly after, this signal was confirmed by
a complementary measurement utilizing through-going and starting muons from charged-current
muon neutrino nucleon interactions close to the detector volume [4, 5]. Both measurements showed
a clear excess of high-energy events, that cannot be explained by atmospheric neutrino or muon
backgrounds.
The most recent published analysis of through-going muons [5] is based on six years of data,
collected from 2009 to 2015. The measurement benefits from the large effective volume and the
good directional resolution of track-like events but has a restricted field of view to the Northern
hemisphere. Main backgrounds are atmospheric neutrinos and atmospheric muons produced by
cosmic ray interactions in Earth’s atmosphere. By selecting well reconstructed muon tracks orig-
inating from and below the horizon, atmospheric muons can be rejected efficiently. This has re-
sulted in a high-statistics neutrino sample of about 350,000 neutrino events with a purity of 99.7%.
Most events are atmospheric neutrinos originating from pion and kaon decays (conventional at-
mospheric). A sub-dominant contribution of events from the decay of charmed mesons (prompt
atmospheric) is expected. The sensitive energy range above which an extraterrestrial neutrino flux
can be detected is about 200 TeV. This is larger than for starting event analysis [6], because of
a larger background flux of atmospheric muon neutrino and a poorer energy resolution for un-
contained through-going muon events. An evident flux of extraterrestrial neutrinos extending up
to several PeV has been observed, including the highest-energy neutrino reported to date, with a
median inferred neutrino energy of 7.8 PeV. The flux is well described by an isotropic, unbroken
power law E−γ .
Here, we update this analysis to eight years of collected data up to May 10th 2017. This corre-
sponds to a sample of almost a half million neutrino events including almost 1000 extraterrestrial
neutrinos as estimated by our best fit.
2. The IceCube Neutrino Observatory
The IceCube Neutrino Observatory is a cubic-kilometer sized Cherenkov detector embedded
in the Antarctic ice at the South Pole [1]. It detects neutrinos by observing Cherenkov radiation
emitted by charged secondary particles that are created by neutrino interactions in the ice. A total
of 5160 optical sensors instrument 86 cable strings at depths between 1450m and 2450m beneath
the surface resulting in an active volume of about one cubic kilometer.
IceCube was completed in December 2010, but it had already been taking data in the years
before with the partially completed detector. The analysis presented here uses data from May 2009
to May 2017, taken with the 59-string configuration in the first year, the 79-string configuration in
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Figure 1 Exposure of the analysis, summed for neutrinos and anti-neutrinos. Left: Averaged expo-
sure for different zenith ranges. Right: Exposure integrated over the field of view for the different
detector configurations.
selection for the newly added data is unchanged with respect to [5]. The updated total integrated
exposure of the analysis is shown in figure 1.
3. Analysis Method
3.1 Flux Models
We include the contribution of three sources of neutrinos in this analysis: Conventional atmo-
spheric neutrinos from the decay of pions and kaons, prompt atmospheric neutrinos from the decay
of charmed mesons, and isotropic diffuse astrophysical neutrinos. The conventional neutrino flux is
modeled by the prediction of [7], modified to include the effect of different cosmic ray flux models
[8, 9] and the cosmic-ray knee [10]. The prompt neutrino flux is modeled by the ERS model [11]











The analysis is based on comparing the expected flux contributions obtained from Monte-
Carlo simulation to experimental data. Thus, the data are binned in two observables: estimated
muon energy and reconstructed muon zenith angle. The expectation in each bin of the resulting
histograms can be modeled by a modified Poisson likelihood Li, which takes into account the
limited statistics of the Monte-Carlo simulation [12] as described in [5].
The bin-wise expectation µi is defined as:
µi(θ ,ξ ) = µconv.i (ξ )+µ
prompt
i (Φprompt ,ξ )+µ
astro
i (Φastro,γastro,ξdet.), (3.2)
where θ denotes the signal flux parameters Φastro,γastro,Φprompt and ξ = {ξtheo.;ξdet.} denotes
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likelihood function. Systematic uncertainties include uncertainties in theoretical model predictions
(ξtheo.) and detector effects (ξdet.) and are parametrized continuously. A detailed description of
the uncertainties and their technical implementation can be found in [5]. The total likelihood is
obtained as L = ∏i Li. The best-fit signal and nuisance parameters are obtained by maximizing
the total likelihood function. The parameter uncertainties are obtained using the profile-likelihood
technique and applying Wilks’ theorem [13]. The applicability of Wilks’ theorem has been verified
using ensemble tests.
3.3 Parametric Unfolding
The observed neutrino energy spectrum can be unfolded from the observed experimental
events using the posterior probability density function (PDF) P(Eν |E ireco), where E ireco is the muon
energy proxy of event i. The posterior PDF is constructed by inverting the resolution functions
P(E ireco|Eν) as described in [5]. This procedure, however, depends on the prior assumed for the
neutrino energy spectrum, for which we use the best-fit value of this analysis.
4. Results
4.1 Updated Fit Results









This result is consistent with the previous result, that was based on six years of data but improves
the accuracy. The significance of the astrophysical flux with respect to the atmospheric only hy-
pothesis is increased from 5.6 σ to 6.7 σ . The central range of neutrino energies that contribute
90% to the total observed likelihood ratio between the best-fit and the conventional atmospheric-
only hypothesis in the experimental data is 119 TeV to 4.8 PeV.
Figure 2 Fitted data distributions for the 2012-2017 detector configuration. Left: Right Projection
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Figure 2 shows the comparison of the global best fit with the observation for the most recent
detector configuration with two years of added data. The fit results in a good description of the full
data-set. No regions of systematic pulls are observed. Visual inspection and other cross checks of
these events revealed no indication of any time dependent detector effects. Also the comparison of
the earlier detector configurations (2009-2010) remains almost unchanged with respect to [5].
Figure 3 Scans of the profile likelihood for the signal parameters. Note that for each scan point, all
other parameters are optimized. Left: Astrophysical normalization versus spectral index. Middle:
Astrophysical normalization versus prompt normalization. Right: Astrophysical spectral index
versus prompt normalization.
The two-dimensional contours of the profile likelihood as a function of the signal parameters
are shown in figure 3. The fitted astrophysical flux normalization is correlated with the astrophysi-
cal spectral index, whereas the prompt normalization shows only little correlation to the individual
astrophysical flux parameters. Hence, an astrophysical flux with these properties would remain
necessary to describe the data even for larger prompt normalizations than the current limit. How-
ever, as the prompt flux is sub-dominant to the astrophysical flux, deviations from a pure power-law
(as assumed here) would result in large uncertainties for the observation of prompt neutrinos. In
particular, the contour lines should not be interpreted as robust limit on the ERS flux.
4.2 Astrophysical Flux
The best-fit flux-models and knowledge about the relation between muon energy proxy and
true neutrino energy that is derived from simulations can be used to unfold the neutrino energy
distribution, as described above. Based on the per-event probability density function P(Eν |Erecoi )
the median neutrino energy for each event is calculated. Figure 4 (left) shows the distribution of the
median neutrino energies for the eight year sample. A clear excess above approximately 100 TeV
in neutrino energy is visible and is not compatible with the atmospheric background expectation.
Although only a single event with an energy deposition greater than a PeV has been observed,
we can estimate from our fit and from the relation between muon energy loss and energy of the
parent neutrino that most likely several neutrinos with energies above a PeV are contained in the
sample. The updated best-fit astrophysical flux is shown in figure 4 (right) in comparison with the
measurements of high-energy starting events [6].
4.3 Test for a Spectral Cutoff
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Figure 4 Measured astrophysical flux. Left: Unfolded neutrino energy spectrum in comparison
to the best-fit fluxes. Right: Uncertainty range of the observed astro-physical per-flavor flux in
comparison with the best fit atmospheric background and the results from the starting event analysis
[6].














The cutoff energy Ecut is found to be strongly degenerate with a softer spectral index γ , and both
parameters cannot be fitted concurrently. Therefore, the test is performed for two distinct assump-
tions of the astrophysical flux parameters: (A) The best fit hypothesis with γastro = 2.19 and (B) a
benchmark model with γastro = 2.0. All other parameters are free in the fit.
Figure 5 Likelihood scan for the hypothesis test of a spectral cut-off. Left γastro = 2.0. Right:
γastro = 2.19
The results of both fits are shown in figure 5 as 2D profile likelihood scans in Ecut and Φastro.
For our best-fit spectrum (A) a cut-off is not significant. However, for an index harder than preferred
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Table 1 Summary of the highest energy events (above 200TeV estimated muon energy) in addition
to the events reported in [5] . The signalness is defined as the ratio of the astrophysical expectation
over the sum of the atmospheric and astrophysical expectations for a given energy proxy and the
best-fit spectrum. The angular errors are statistical and do not include systematic uncertainties.
ID MJD Signalness Energy Proxy (TeV) Decl. (deg) 90% C.L. R.A. (deg) 90% C.L.
30 57217.9 0.61 300 26.1 +1.68−1.85 325.5
+1.77
−1.46
31 57246.8 0.69 380 6.0 +0.48−0.34 328.4
+0.59
−0.75
32 57269.8 0.51 220 28.0 +0.47−0.47 134.0
+0.39
−0.58
33 57312.7 0.52 230 19.9 +2.82−2.21 197.6
+2.46
−2.09
34 57340.9 0.86 740 12.6 +0.61−0.58 76.3
+0.75
−0.74
35 57478.6 0.69 380 15.6 +0.53−0.60 15.6
+0.45
−0.58
36† 57672.1 0.64 330 26.6 — 9.7 —
† Based on preliminary reconstruction methods
Figure 6 Reconstructed arrival directions of observed events with estimated muon energies above
200 TeV. The color indicates the energy. The number refers to table 1 and the events reported in [5].
The solid gray line indicates the galactic plane and the dashed black line the supergalactic plane.
spectrum (γastro = 2), a cutoff at log10(Eν) = 6.25 is preferred at the 4.1σ level compared to the
benchmark hypothesis without cutoff.
4.4 High Energy Events
Seven new events with estimated muon energies above 200 TeV have been found in the new
data. Table 1 shows a summary of the event properties.
The arrival directions of these events are shown in figure 6. Similar to the previous result,
no obvious correlation with astrophysical sources has been found. Also, the directions of the new
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5. Conclusions and Outlook
We have presented the update of the analysis of up-going muon neutrinos, now covering eight
years of IceCube operation, including data up to May 2017. The significance of the presence of an
isotropic astrophysical muon neutrino flux with respect to a purely atmospheric origin is increased
to 6.7 σ . Despite of not having observed new events of very high energy depositions, the measured
flux parameters φastro = 1.01 γastro = 2.19 are consistent with the previously reported values.
In the previous analysis [5] we have reported an approximately 3 sigma tension in the measured
astrophysical spectrum in comparison to a global fit of other IceCube results if a single unbroken
power-law is assumed. With the new data reported here this tension remains at the same level.
However, this tension is reduced to about 2 sigma, when compared with new data for cascades
[14] and starting events [6]. Therefore the possible existence of a spectral feature remains an open
question that will be particularly addressed by an update of the global fit [15]. This analysis is
also able to constrain the prompt atmospheric neutrino flux. Similar to the previous result [5],
no indications of the existence of a prompt flux are observed and limits are expected to further
improve. Because the strong astrophysical flux is a background for this search the uncertainties
due to the astrophysical flux are difficult to quantify. These studies are still ongoing, and a limit
will be presented later.
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The IceCube Neutrino Observatory instruments more than a cubic-kilometre of the deep glacial
ice below South Pole Station, Antarctica, creating the world’s largest water Cherenkov detector.
With the addition of a low-energy detection array, DeepCore, completed in 2010, the observatory
is sensitive to neutrinos with energies between ∼ 5 GeV and the EeV-scale. IceCube has now
accumulated the world’s largest sample of atmospheric neutrinos, providing the ability to perform
precision studies of the flux over the full energy range of the detector. We present sensitivities of
atmospheric neutrino flux measurements from ∼ 6 GeV - 180 GeV with particular attention to
the kaon-to-pion ratio. This analysis will fill in the overlapping regions of atmospheric neutrino
flux measurements established at low energies by Super-Kamiokande and at higher energies by
IceCube, bridging the current experimental results.
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Atmospheric Neutrino Flux with IceCube-DeepCore
1. Introduction
Precision measurements of atmospheric neutrinos provide an opportunity to study neutrino
interactions with world-leading sensitivity. The atmospheric neutrino spectrum provides a sample
that has been used to study neutrino oscillations very successfully [1, 2]. In addition, due to the
advancement of neutrino detectors, atmospheric neutrino measurements are now capable of pro-
viding precision input to cosmic ray and hadronic interaction models. Atmospheric neutrino flux
calculations [3, 4] require as minimum input: the cosmic ray spectrum model (which provides the
energy spectrum of the incident particles that create the particle shower), the hadronic interaction
model (which governs the production of particles as well as their interactions) and the atmospheric
density profile model (which provides the atmospheric content, thickness and particle density). The
cosmic ray spectrum model and hadronic interaction model represent the largest uncertainties in
these predictions [5]; their precision study remains a challenge for the field.
IceCube’s DeepCore sub-array [6] measures atmospheric neutrinos in an energy range suited
for addressing these questions. The unprecedented statistics of neutrino candidates collected by the
DeepCore detector make it possible to study the spectral shape of atmospheric neutrinos, which is
closely tied to that of the cosmic rays. Moreover, the detector is sensitive to the crossover region
between the dominant meson production in the showers, pions and kaons, which are in turn tied
to the hadronic interactions. Here we present an analysis of the atmospheric neutrino spectrum,
as well as a sensitivity to the relative contribution of kaons and pions to the neutrino flux using a
sample collected by IceCube-DeepCore.
2. Detector Description
The IceCube Neutrino Observatory [7] is a large-scale Cherenkov detector that uses the West
Antarctic Ice Sheet as the detection medium for charged particles produced in neutrino interactions.
The natural deep ice, reaching nearly 3 km thickness at the Amundsen-Scott South Pole Station,
is an excellent Cherenkov medium due to its high optical clarity [8]. The IceCube detector array
instruments more than a cubic kilometer of the ice, at depths between approximately 1.5 km and
2.5 km. In total, 5160 digital optical modules (DOMs) [7], consisting of a 10-inch photomultiplier
tube and full on-board data acquisition contained in a glass pressure housing, are deployed on a
hexagonal grid of 86 strings, with 60 DOMS per string.
The primary IceCube array consists of 78 strings with 125 m spacing between strings and
DOM-to-DOM spacing of 17 m. In the analysis presented here, this high-energy portion of the
detector is used as an active veto region to reject atmospheric muon events [9]. The remaining
8 strings make up the DeepCore sub-array, instrumenting approximately 107m3 of the ice in the
bottom-center of the IceCube array [6]. This is the deepest, clearest ice of the instrumented re-
gion [8] and, with a string spacing between 40 m and 70 m, and a DOM-to-DOM spacing of 7 m,
provides a low-energy threshold for neutrino interactions of∼ 5 GeV. The DeepCore data set is the
primary source for the analysis presented here, and events typically have a pointing resolution of





Atmospheric Neutrino Flux with IceCube-DeepCore
3. Neutrino Flux Modeling
Cosmic rays incident on the Earth interact with nuclei in the atmosphere, resulting in hadronic
showers that produce a multitude of secondary particles [3]. The particles include mesons that then
ultimately decay into charged leptons and neutrinos.
The energy spectra and zenith distribution of these leptons contain information about the pri-
mary cosmic rays, hadronic interactions and the decay chain leading to their production. Figure
1 shows the relative contributions of meson decays to the atmospheric neutrino flux in the energy
regime for the analysis. As shown in Figure 1, the νµ flux is dominated by contributions arising
from the decay of charged pions (pi±) and kaons (K±). Over the energy range of the sample, the
dominant contributing mesons are pions at lower energies with kaons becoming dominant above
∼80 GeV, depending on the zenith angle and choice of hadronic interaction model. For νe, the flux
is dominated by contributions from the decay of muons, K0L and K
±.
The kaon-to-pion ratio (K/pi) is used in parametrizations of the muon neutrino (νµ ) flux and
is defined as the quotient of the fraction of leptons coming from kaon decay over the fraction
of leptons coming from pion decay. It depends on branching ratios and energy distributions of
a given decay and is a function of zenith. A good knowledge of these processes is needed to
obtain a robust understanding of the spectrum at higher energies and associated uncertainties. This
knowledge is critical for atmospheric neutrino studies of fundamental neutrino properties and to
determine backgrounds for astrophysical neutrino searches.
As shown in Figure 2, the atmospheric muon neutrino flux produced by pi has a notable zenith
and energy dependence. This leads to a zenith and energy dependence for the K/pi ratio. The zenith
angle dependence derives from the variation of the atmosphere traversed by the mesons and the
difference in their lifetimes. The angular dependence of the pi component creates zenith dependent
rate changes observable by IceCube, making this analysis sensitive to the K/pi ratio. The sensitivity
to the K/pi ratio is important as a calibration input to interaction models and for the benchmarking
of flux models.
Figure 1: Partial contribution of intermediate particles to the flux of atmospheric neutrinos, muon neutrinos
(left) and electron neutrinos (right) at zenith angle of 60◦. The primary (Cosmic Ray) spectrum is Gaisser-
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Figure 2: Atmospheric muon neutrino flux dependence on zenith-angle and energy, here shown at 5 GeV,
30 GeV and 90 GeV. The zenith angle shown is relative to the IceCube detector coordinate system, where -1
corresponds to ‘upgoing events’.
3.1 Current uncertainties on the atmospheric neutrino flux
For neutrinos at GeV energies, the availability of secondary particle production from acceler-
ators and direct cosmic ray flux measurements, results in good model predictions [5]. At higher
energies the hadronic and primary flux uncertainties in the absolute neutrino flux increase [5, 11].
As kaons become more relevant as mother meson above approximately ∼70 GeV neutrino energy,
the largest error on the high energy neutrino fluxes comes from the modeling of kaon production.
The absence of fixed-target kaon measurements on light nuclear targets results drives the extrap-
olation errors of hadronic interaction models. For TeV neutrinos, cosmic ray observations in the
relevant range become indirect and errors from the primary flux model contribute significantly to
the total uncertainty.
The current state of the art characterization of uncertainties is the study of Ref. [5]. The
authors assign an uncertainty estimation to each region of the energy-momentum fraction phase-
space based on their evaluation of globally available fixed-target data. Due to the steep primary
spectrum, the relevant phase-space for inclusive lepton production is xF & 0.2 [16], where xF is
feynman-x or longitudinal momentum fraction [17]. There are very few measurements of xF & 0.2
as this is the very forward pt (transverse momentum) region extremely close to the beam, which
accelerator based experiments do not currently measure. There are limited fixed target experiments
that do cover some of this region and their integration into these models would be a next step.
Atmospheric leptons are largely sensitive to xF & 0.2, and correspondingly this lack of data in the
models leads to large model uncertainties in our region of analysis.
To summarize, current estimates have ≥ 30% uncertainty in kaon production and ≥ 15% un-
certainty in pion production in the projectile fragmentation region leading to uncertainty in hadronic
models in the region that is relevant for the mesons produced in the atmosphere [5]. The K/pi ra-
tio measurement outlined could be used to improve and constrain hardronic interaction models in
xF & 0.2 and will represent significant improvement over current measurements. This can be seen
in the profile likelihood shown in Fig 4, which finds a projected sensitivity of 18% in the K/pi ratio
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3.2 Simulation software
The program Matrix Cascade Equation (MCEq) [10, 18] is a numerical solver of the discrete
form of the cascade equation. It facilitates the exploration of the impact from using various models
(cosmic ray flux model, hadronic interaction models, atmosphere/density profiles). By testing all
possible combinations and varying their input parameters we can explore uncertainties. There, the
K/pi ratio can be directly computed for a range of physically well motivated possibilities. In our
simulation, we calculated the neutrino fluxes specifically for the IceCube detector location, which
determines the parameterization of the atmospheric density profile as a function of zenith, averaged
over azimuth.
The cosmic ray primary models considered are Gaisser-Honda (GH) [4] and H3a [24]. The
static atmosphere employed here is the NRLMSISE-00 model [19]. The hadronic interaction mod-
els are SYBILL2.3 [20], EPOS-LHC [23] and DPMJET-III [22, 21].
4. Data sample
The data under consideration was collected by IceCube-DeepCore and was prepared with the
goal of studying atmospheric neutrino oscillations [9]. The sample, approximately 15,000 events
per year, has a 95% neutrino purity with the remainder comprised of cosmic ray muons. The
sample is dominated by muon neutrino events and we accept these for all directions (‘full-sky’)
in the reconstructed energy range between ∼ 6 GeV to 180 GeV, extended from the energy range
of ∼ 6 GeV to 56 GeV of the original sample. Most notably, this sample uses improved event
reconstruction compared to that reported in [2], allowing for events with less direct light and events
that are ‘down-going’ to be included in the sample [9]. This improvement in reconstruction was
achieved by performing a likelihood-based reconstruction of all events that accounted for both
photon scattering and the large-scale variations in the naturally formed glacial ice medium. The
inclusion of the down-going events is particularly beneficial since they are primarily unoscillated
and therefore help to constrain a source of systematic uncertainty. Backgrounds in the sample from
cosmic ray muons are estimated directly from the data, since sufficient simulation is not feasible.
5. Analysis Method and Sensitivity Estimates
Data used in the development of this analysis are generated from Monte Carlo (MC) simulation
corresponding to the observed events of the described sample from the completed IceCube detector
configuration with all high level cuts applied. Sensitivity to a given parameter is explored with
Asimov tests using data generated in the same manner. This test data and the MC set are compared
using a χ2, described in [9]. The systematic uncertainties related to the flux of neutrinos, as well
as those related to the detector, are parameterized and included as nuisance parameters to the fit,
with any prior knowledge for a given parameter added to the χ2.
5.1 K/pi ratio fits
As illustrated in Figure 2, the atmospheric muon neutrino flux is a function of energy and
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Figure 3: Left: The contributions of pions and kaons to the muon neutrino flux integrated over zenith angles
are shown separately as a function of neutrino energy. Hadronic interaction models included in the plot
are: EPOS-LHC [23], DPMJET-III [21, 22], SYBILL2.3 [20]. Right: Integrated atmospheric νµ flux partial
contributions, arising from pi and K decays. The cosmic ray primary model used was Gaisser-Honda [4] and
the atmospheric model is NRLMSISE00 [25]. Plots use [18].
angle and energy. These different tables are then used to weight the available simulation. By
comparing the event distributions obtained using different table configurations we estimate of this
dataset the sensitivity to the K/pi parameter.
In Figure 3 left we see the kaon and pion contributions to the atmospheric muon neutrino flux
while changing only the hadronic interaction model. In Figure 3 right we see the muon neutrino
flux expected to have kaonic parents over the muon neutrino flux expected to have pionic parents.
In this analysis, we keep the template of the atmospheric muon neutrinos decaying from pions
fixed and allow the component decaying from kaons to be scaled, and fit this with a χ2 method.
The scaling of the pion template allows for shifting of the crossover point where kaons begin to
Figure 4: Model independent median sensitivity for IceCube DeepCore to the K/pi ratio, all systematics
included. Note this plot is an Asimov expectation (no statistical fluctuations). It represents the model
independent mean expected sensitivity of our segmented energy spectrum fit to the K/pi ratio. The x-axis
shows the actual ratio predicted by the model used for zenith information, here DPMJET-III with GH, where
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dominate as the source for muon neutrinos. The choice of which parent mesons table to fix is
arbitrary. The relationship between Figure 3 and Figure 4 can be understood through the following
equation: Φ = N(Φpi +NKΦk), where Φ represents the flux, N is the overall normalization of the
flux and NK is the normalization of the kaonic parent template. Figure 4 represents the preferred
value of NK for a given model and can be used to compute the change in the K/pi ratio at all energies.
Figure 3 left represents the case where NK = 1, i.e. the ratio predicted by the model. Figure 4 shows
the predicted sensitivity for this analysis to the K/pi ratio. The 1σ range for the currently expected
uncertainties on this parameter are approximately an order of magnitude improvement on current
best results [5].
5.2 Energy spectrum fit
The fitting of the energy spectrum as seen in Figure 5 is performed with a quasi-model-
independent approach. This is performed by fitting a number of distinct spectral segments in
energy, which can together approximate the shape of the full spectrum. Each segment is given
an energy dependence of E−3, as this is not too dissimilar from any of the model predictions over
the small domain of each segment. The zenith profile of each segment is taken to be the same as
the prediction from the DPMJET-III hadronic model. In the fit each segment’s normalization is
treated as a separate free parameter, preserving the the zenith profile and the ν/ν¯ ratio. The K/pi
ratio is also fit in this process. Each segment consists of a pionic flux template and a kaonic flux
template whose zenith profits are taken from DPMJET-III and is normalized as outlined in the pre-
vious section. There is one shared scaling factor of the kaonic component. The energy spectrum,
Figure 5: Expected atmospheric muon neutrino flux from MC data, including all systematic and statistical
uncertainties for νe+νµ , as a function of the logarithm of the neutrino energy. No statistical fluctuations are
included here. The error bars correspond to the 1σ band obtained from a profile scan performed for each
point. The dashed line shows the model injected as a test spectrum.
oscillation parameters (fitted as nuisance parameters), K/pi ratio, and detector systematics are all fit
simultaneously. The flux error per point (or segment) is the 1σ of a profile scan evaluated for that
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6. Future work
The analysis demonstrates excellent potential for improving our global knowledge on a key
energy range and will provide the ability to perform precision studies of the neutrino spectrum over
the full energy range of the detector. Going forward, we will split the total atmospheric neutrino
energy spectrum into separate νµ and νe flux components. We anticipate a similar precision to what
is shown in Figure 5. The K/pi ratio analysis demonstrates the potential to reach precision values
and contribute to future hadronic interaction model refinement. Further, the advanced atmospheric
neutrino flux modeling tools now in place in this analysis will permit continuing improvement of
our treatment of the atmospheric neutrino flux uncertainties, leading to improved oscillation results
and neutrino property measurements.
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Measurement of High Energy Neutrino–Nucleon
Cross Section and Astrophysical Neutrino Flux




We present a novel analysis method and performance studies to determine the neutrino-nucleon
deep-inelastic scattering cross section at high energies. The analysis uses atmospheric and ex-
traterrestrial neutrino-induced electromagnetic and hadronic showers (cascades) in the TeV-PeV
energy range, and assumes that the extraterrestrial neutrino flux is isotropic. Signal samples are
separated into two groups, "down-going" (from the Southern Hemisphere) and "up-going" (from
the Northern Hemisphere). Since up-going events may interact and be absorbed by the Earth while
down-going event rate remains unaffected, the ratio of down-going events and up-going events
for certain energy range is correlated with the cross section value. At the energies in this study,
the yields are sensitive to the neutrino-nucleon cross section and nucleon structure in a region of
kinematic overlap with HERA and with the LHC. We present the method for the neutrino-nucleon
cross section measurement in the TeV-PeV energy range using neutrino induced cascades with the
complete IceCube detector. In addition, we will test the hypothesis of a North-South anisotropy in
astrophysical neutrino flux, assuming the knowledge of the neutrino-nucleon cross section from
the electroweak physics.
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Neutrino–Nucleon Cross Section Measurement and Anisotropy Study Yiqian Xu1
Introduction IceCube is a cubic-kilometer neutrino detector installed in the ice at the
geographic South Pole [1] between depths of 1450 m and 2450 m, completed in 2010. It detects
all-sky neutrinos of all flavors. Reconstruction of the direction, energy and flavor of the neutrinos
relies on the optical detection of Cherenkov radiation emitted by charged particles produced in the
interactions of neutrinos in the surrounding ice or the nearby bedrock. IceCube is sensitive to neu-
trinos above 100 GeV [2], and the energy range of this study is TeV-PeV, which overlaps with the
kinematic of HERA [3] and with the LHC [4]. Their actual measurement forms a valuable proof-
of-concept towards measurement in the high energy regime, which will provide sensitivity to new
physics with unique neutrino probes. Direct neutrino-nucleon cross section measurements done
with fixed target experiments cease at neutrino energies 370 GeV. The energy sensitivity of Ice-
Cube makes it possible to make measurements beyond the fixed target experiments’ energy limit.
IceCube has recently made the first measurement of the muon-neutrino-nucleon cross section at
neutrino energies above 6 TeV using nµ coming from the Northern Sky observed by the IceCube
79-string configuration in 2010 [5]. This analysis proposes a novel method [6] using neutrinos of
all flavors from all-sky collected with the 2011-2015 IceCube 86-string configuration to measure
the neutrino-nucleon cross section.
Event Selection Events observed in IceCube are classified by their topology. Cascade
events are induced by ne,nt charge current and neutral current interactions, or nµ neutral current
interactions. The emitted light forms a shower-like pattern. Track-like events are through-going
muons. The source of track-like events can be cosmic ray induced muons from the Southern Sky
or muons induced by nµ charge current interactions. When nµ charge current interactions hap-
pen within the detector volume, it creates a hybrid event. A hybrid event is the combination of a
hadronic shower and a track left by an out-going muon. At trigger level, the majority of events
seen in the detector are cosmic muons. They are the background for this analysis. To better un-
derstand detected events and design filters for event classification, Monte Carlo simulations are
generated. MuonGun software is used to directly generate muons in ice with the composition
from [7]. Neutrino-generator is used to generate neutrino interactions. Conventional atmospheric
neutrino flux is calculated with HKKMS06 [8] and prompt atmospheric neutrino flux is calculated
with BERSS [9]. For atmospheric flux, the "self-veto" effect [10] is taken into consideration. Astro-
physical neutrino flux modeled with is a single, unbroken power law with the preliminary fit result
from the IceCube 4-Year Cascade analysis: normalization: (1.5+0.23 0.22)⇥10 18 GeV 1s 1sr 1cm 2,
spectrum index: -2.48±0.08 [11]. The signal for this analysis is contained cascade events. The en-
ergy resolution for such events can be as good as 15% of deposited energy [12]. Event selection
for this analysis is the same as in Ref. [11]. The selection separates the sample into two parts: the
high energy part (Ereco >60 TeV) and the low energy part (Ereco <=60 TeV). The high energy event
selection uses a 2D straight cut to select cascade events with high purity, has high efficiency, and is
nearly background free. Low energy event selection uses a Boosted Decision Tree to classify events
into three categories: cascade sample, muon sample, and starting track sample. Only cascade sam-
ple is used in this analysis. The low energy sample which consists 4017 neutrino events has a
much higher statistic compare to high energy sample (19 neutrino events), and the background rate
is lower than 10%. This analysis aims to use data collected from May, 2011 to May, 2016, 1730
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Carlo simulation and 10% of the collected data are currently used in this analysis. This 10% of the
experimental data consists of data equally spaced throughout the years and is called burn sample.
Final sample consists of neutrinos of all flavors. The number of events from Southern Sky and
Northern Sky in each reconstructed energy bin for data and Monte Carlo is shown in Table 1
Table 1: Number of events (burn sample livetime) in reconstructed energy bins for data & Monte Carlo
(numbers in parentheses are statistical uncertainties).
Southern Sky
log10(Ereco/GeV ) ne nµ nt µ MCsum Data
2.2-2.8 2.56(7) 5.6(5) 0.035(2) 3(1) 11(2) 9
2.8-3.4 17.8(1) 42(1) 0.95(1) 12(4) 73(4) 66
3.4-4.0 17.00(7) 31.8(8) 3.06(1) 6(2) 58(2) 52
4.0-4.6 6.02(1) 6.2(1) 2.484(9) 0.5(1) 15.2(2) 19
4.6-5.2 1.712(4) 0.59(2) 0.937(5) 0 3.24(2) 5
5.2-5.8 0.505(2) 0.082(3) 0.261(2) 0 0.848(4) 1
5.8-6.4 0.140(1) 0.027(2) 0.068(1) 0 0.236(2) 1
6.4-7.0 0.082(2) 0.003(1) 0.008(1) 0 0.093(2) 0
Northern Sky
log10(Ereco/GeV ) ne nµ nt µ MCsum Data
2.2-2.8 10.8(1) 41(1) 0.342(5) 0 52(1) 51
2.8-3.4 48.2(2) 166(2) 3.77(2) 14(4) 231(4) 242
3.4-4.0 26.87(8) 71(1) 4.76(2) 8(3) 111(3) 93
4.0-4.6 6.15(1) 8.5(1) 2.17(1) 0.6(1) 17.4(2) 17
4.6-5.2 1.252(3) 0.58(2) 0.620(6) 0 2.45(2) 3
5.2-5.8 0.258(1) 0.050(2) 0.135(2) 0 0.443(3) 0
5.8-6.4 0.052(1) 0.013(1) 0.028(1) 0 0.093(1) 0
6.4-7.0 0.015(1) 0.002(1) 0.004(1) 0 0.021(1) 0
Analysis Method This analysis follows the theoretical approch from Ref. [6]. In Ice-
Cube, neutrinos from Northern Sky travel through the Earth to reach the detector. When traveling
through the Earth, a fraction of the neutrinos are absorbed by the Earth. This fraction is a func-
tion of cross section [6]. The fraction can be obtained by calculating a ratio of down-going events
(Southern Sky) and up-going events (Northern Sky), since neutrinos from Southern Sky are not af-
fected by the Earth absorption effect. The desired relationship is between cross section and neutrino
energy, as shown in Fig. 4. The number of down-going events and up-going events in reconstructed
energy bins can be experimentally measured, and an unfolding method (discussed later) is applied
to get the number of events in neutrino energy bins. The ratio in each neutrino energy bin is the
number of down-going events divided by the number of up-going events. With Monte Carlo simu-
lation, we can get the relationship between the Earth absorption effect (which is expressed by the
ratio of down-going events and up-going events) and cross section. In this way, the cross section
for a certain neutrino energy range can be measured. The relationship between the ratio of down-
going events and up-going events and cross section can be obtained by using neutrino-generator
Monte Carlo simulation. Neutrinos with different interacting cross sections (from ⇠ 10 9 mb to
⇠ 10 4 mb) are simulated and propagated towards the detector from all directions. The Earth
model used in the simulation is PREM [13]. All neutrinos are forced to interact and are given a
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into two parts: cos(Zenithreco) < 0 as up-going, and cos(Zenithreco) >= 0 as down-going. The
reconstructed zenith(q ) distribution is shown in Fig. 1 (Right). The ratio of the number of down-
going events over the number of up-going events is plotted for each cross section bin (shown as Fig.
1 (Left)). Both atmospheric neutrino flux and astrophysical neutrino flux are taken into considera-
tion when counting the number of events, since we can’t distinguish these two types of neutrinos
at lower energy. Due to the existence of self-veto effect [10] in atmospheric neutrinos, the detector
accepts down-going atmospheric neutrinos at a much lower rate than up-going atmospheric neutri-
nos due to the accompanied muons in down-going events. Also, the event selection [11] applied
shows differences in the down-going and up-going events acceptance rates. With all these factors,
the ratio of down-going events and up-going events will contain not only the information of Earth
absorption, but also detector acceptance effects. These acceptance effects are neutrino energy de-
pendent and can be factorized. Therefore, it is necessary to apply a correction factor (as shown
in Fig. 3 (Right)) once the ratio in neutrino energy bins is obtained. This way, we decouple the
acceptance effect and the ratio reflects the Earth absorption effect only. Occasionally, a neutral cur-
rent interaction happens in the Earth and produces a secondary neutrino that will reach the detector
and interact again within. This secondary neutrino will have a lower energy and a smaller cross
section for neutrino-to-matter interaction. This will result in more up-going neutrinos in the lower
cross section bin. In general, this effect must be corrected with dedicated simulations, however, in
this analysis, we ignored the effect because the statistical uncertainties from the observed events
are much larger than this effect. The experimental data are separated into down-going events and
































Figure 1: Left: cross section vs ratio of down-going and up-going events. Right: reconstructed zenith
distribution for data and Monte Carlo.
up-going events as well. Reconstructed energy histograms are plotted for down-going events and
up-going events separately (shown as Fig. 2 (Left column) ). What we measure in the experiment
is deposited energy, this is not equivalent to neutrino energy, due to out-going neutrinos in neutral
current interactions and out-going µ carrying away energy in nµ charge current interactions. To
get the ratio in neutrino energy bins, an unfolding procedure is needed. The unfolding method used
here is the matrix method [14]. We define:
yi,dir =Â
j
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where x j,dir is the number of events in neutrino energy bin j for a certain direction (down-going/up-
going according to reconstructed zenith), and yi,dir is the number of events in reconstructed energy
bin i for a certain direction (down-going/up-going according to reconstructed zenith). Ai j,dir are
the elements of the resolution matrix, defined as the number of events in both neutrino energy bin j
and in reconstructed energy bin i for a certain direction divided by the number of events in neutrino
energy bin j for a certain direction. This matrix is calculated using Monte Carlo simulation. Res-
olution matrices are calculated for up-going and down-going events respectively. Once we have




(A 1) ji,dir(ydatai,dir   ybgri,dir), (2)
where ybgri,dir is the background expectation from IceCube’s MuonGun simulation in reconstructed






(A 1) ji,dir(d (ydatai,dir   ybgri,dir)2(A 1)ki,dir. (3)
The reconstructed energy distributions for up-going and down-going events are shown in Fig. 2
(Left column). After unfolding, neutrino energy distributions for up-going and down-going events
are shown in Fig. 2 (Right column). The ratio of down-going events and up-going events for
each neutrino energy bin is calculated as Ratio j =
x j,down
x j,up
. After applying the correction factor for
acceptance effects (self-veto, efficiency), the result is shown in Fig. 3 (Left).
Cross Section Result Figure 3 shows the corresponding ratio for each neutrino energy
bin, and Fig. 1 (Left) shows the corresponding cross section value for each ratio. With this in-
formation, we can evaluate the cross section in neutrino energy bins. Figure 4 (Left) shows the
sensitivity of this measurement with 5 years’ livetime predicted by Monte Carlo simulation. The
dark red band and light red band cover 68% and 95% of confidence range respectively (systematic
uncertainties are not included). Figure 4 (Right) shows the neutrino-nucleon cross section evalu-
ated with 10% of 5 years of IceCube data (uncertainties are statistical only). The black dots in Fig.
4 represent the CSMS calculations [15]. Here we use the sum of charge current interaction and
neutral current interaction cross sections averaged over neutrino and anti-neutrino.
Astrophysical Neutrino Flux Anisotropy Study The neutrino-nucleon cross section
and the parton distribution functions at the kinematic range where this analysis is sensitive are well
understood by the Standard Model and HERA data. In this section, we assume the knowledge of
the cross section, and the ratio is sensitive to the (an)isotropy of astrophysical neutrino flux. The
approach is to assume the known cross section and calculate the ratio of down-going events and
up-going events (separated by reconstructed zenith angle) based on the isotropy model and the
anisotropy model respectively. We then compare the ratio from experimental data with the ratios
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Figure 2: Top Left: reconstructed energy distribution for up-going events. Top Right: neutrino energy
distribution for up-going events. Bottom Left: reconstructed energy distribution for down-going events.
Bottom Right: neutrino energy distribution for down-going events.

















Figure 3: Left: neutrino energy vs ratio of down-going and up-going events for 10% of 5 years data. Uncer-
tainties are statistical only. Right: neutrino energy vs correction factor.
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Figure 4: Left: measured neutrino energy vs cross section using Monte Carlo simulation and expected
precision with 100% of 5 years of data. Right: measured neutrino energy vs cross section using 10% of 5
years experimental data. Uncertainties are statistical only.
For the anisotropy model, we assume the down-going flux is the same as for the isotropy model














where F1 = (1.5+0.23 0.22)⇥ 10 18 GeV 1s 1sr 1cm 2, g1 = 2.48± 0.08 are the fit result from the
IceCube 4-year cascade analysis [11], and F2 = (1.01+0.26 0.23)⇥ 10 18 GeV 1s 1sr 1cm 2, g2 =
2.19± 0.10 are the fit result from the IceCube 8-year nµ analysis [16]. Note that there are many
possible anisotropy models, we have tested this one so far to demonstrate how this method works.
Figure 5 (Right) shows the ratio of down-going events and up-going events as a function of the
(logarithm of) neutrino energy. The bands around the curves are calculated from 68% contours
from fit result of [11] and [16] as shown in Fig. 5 (Left). The uncertainty band covers all the ratio
values calculated with all the combinations of normalization and index values on the contour. We
can see that for the isotropy model the uncertainty band is very narrow, as expected, due to the
cancellation of flux in the ratio. The difference in ratio between the two models starts to show
at a relative high energy, since in the lower energy range the flux is dominated by atmospherical
neutrino component. With 10% of 5 years’ statistic, the data doesn’t favor one model over another.
Summary We have developed a new analysis method [6] to measure the
neutrino-nucleon cross section at high energy (TeV-PeV). This method uses the ratio of
down-going events and up-going events to probe the effect of Earth absorption in order to get the
measurement of cross section. Under the assumption of isotropy of astrophysical neutrino flux the
effect of flux is canceled in the ratio, which makes the result of the cross section measurement
independent of the flux model. This method has been applied on 10% of 5 years of IceCube data
in the cascade channel, and the initial study shows consistency with CSMS [15] cross section
calculation. When assuming the standard model cross section, this method can be used to explore
the anisotropy of astrophysical neutrino flux. The ratio of down-going events and up-going events
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10% of 5 Years Data
Figure 5: Left: uncertainty contours of IceCube analyses [11]. Right: ratio vs Neutrino Energy for 10% of 5
years’ IceCube data.
model and isotropy model. The anisotropy hypothesis studied is single power law flux for
Southern Sky and double power law flux for Northern Sky, while the isotropy hypothesis is single
power for the whole sky. With 10% of 5 years’ statistic, the two hypotheses are indistinguishable.
Evaluation of systematic uncertainties is in progress.
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Cosmic rays arriving at Earth include the most energetic particles ever observed. The mechanism
of their acceleration and their sources are, however, still mostly unknown. Observing astrophysi-
cal neutrinos can help solve this problem. Because neutrinos are produced in hadronic interactions
and are neither absorbed nor deflected, they will point directly back to their source. This contri-
bution covers continued studies of the high-energy astrophysical neutrino flux observed at the
IceCube neutrino observatory, extending them from four to six years of data with a focus on en-
ergies above 60 TeV. The spectrum and spatial clustering of the observed neutrinos are discussed.
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
1. Introduction
Observation of high-energy neutrinos provides insight into the problem of the origin and accel-
eration mechanism of high-energy cosmic rays. Cosmic ray protons and nuclei interacting with
gas and photons present in the environment of sources and in the interstellar and intergalactic space
produce neutrinos through decay of charged pions and kaons. These neutrinos have energies related
to the cosmic rays that produced them and point back to their sources since neutrinos are neither
affected by magnetic fields nor absorbed by matter opaque to radiation. Large-volume Cherenkov
detectors like IceCube [1] observe these neutrinos when they interact in or around the instrumented
volume by measuring the light produced by charged particles created in the interaction.
Here we present an update to the IceCube high-energy search for events with interaction ver-
tices inside the detector fiducial volume. This search, previously performed on two [2], three [3]
and four [4] years of detector data, led to the discovery of an astrophysical neutrino flux above
atmospheric backgrounds [3]. This update extends the data-taking period by two more years to six
years from early 2010 to early 2016 for a total livetime of 2078 days.
2. Event Selection
Neutrinos in IceCube are detected by observing the Cherenkov light in the glacial ice from sec-
ondary particles created by the interaction of high-energy neutrinos. We observe two main event
classes: track-like events from charged-current interactions of muon neutrinos (and from a minor-
ity of tau neutrino interactions) and shower-like events from all other interactions (neutral-current
interactions and charged-current interactions of electron and tau neutrinos). Note that tau neutrino
interactions at the highest energies (above a few hundred TeV) can lead to different event shapes
such as two cascades separated by a short tau track, which are included in the simulation but are
not explicitly reconstructed beyond a classification into tracks and cascades1. We determine the
event direction and deposited energy in the detector based on the time sequence of the Cherenkov
photons and total recorded light. Energy is reconstructed as electromagnetic-equivalent energy
(the energy deposited by the events assuming all light was created in electromagnetic showers).
Although deposited energy resolution is similar for all events, shower-like events have a typical
directional resolution of around 15 degrees, mostly dominated by the uncertainty in the modelling
of the glacial ice, whereas track-like events have resolutions of much better than 1 degree.
In the analysis presented here (“high-energy starting events (HESE)”), signal events are se-
lected by requiring the neutrino interaction vertex to be located inside the IceCube fiducial detector
volume. We achieve this by means of a simple anti-coincidence veto method [2], requiring that
fewer than 3 of the first 250 detected photoelectrons (p.e.) be on the outer detector boundary. In
order to ensure a large enough number of photons are detected, we also require at least 6000 p.e. in
total charge for each event, corresponding to a soft threshold of about 30TeV in deposited energy
in the detector.
3. Atmospheric Backgrounds
Backgrounds to astrophysical neutrinos are entirely due to cosmic ray air showers. Muons pro-
duced in these showers, mainly from pi and K decays enter the detector from above. Due to the
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stochasticity of the muon energy loss, in very rare cases muons can pass through the outer veto
layer undetected and appear as starting events, especially close to the charge threshold of 6000 p.e.
A data-driven method is used to estimate this background by tagging such muons in one layer of the
detector and using an equivalent second layer to estimate their passing probability. This procedure
yields a total atmospheric muon background of 25.2±7.3 events in six years of data.
The same cosmic ray air showers also produce neutrinos from pi and K decays. The spectrum
of these muon-neutrino dominated atmospheric neutrinos is typically one power steeper than the
original cosmic ray spectrum. This is due to the increasing lifetime of the parent mesons, making
it more and more likely for them to interact before decaying. At energies above around 100TeV,
an analogous flux of muons and neutrinos from charm-containing mesons is expected to dominate.
The shorter lifetime of these particles allows them to avoid interactions before their decay, leading
to a harder spectral slope of this component. Until now, this “prompt” component has not been
observed, but limits from data have been placed by previous IceCube analyses [6, 7, 8]. As in
previous iterations of this analysis, we use the limit set by an analysis of upgoing muons from
muon neutrinos in the 59-string configuration of IceCube [6] for purposes of background estima-
tion. Newer limits are available and will be used in future IceCube analyses of this data sample
and extensions of it. Note that some of the down-going atmospheric neutrino background will be
vetoed because of accompanying muons from the same air shower. This reduces the background
from atmospheric neutrinos in the Southern Sky. This analysis uses the veto probabilities as de-
scribed in [7]. The total number of expected background events from atmospheric neutrinos in six
years of data is 15.6+11.4−3.9 (accounting for an unknown “prompt” component at or below the upper
limit measured in [6]).
4. Diffuse Flux Fit
In the full 2078-day sample, we detect 82 events (Fig. 1); 20 of them are observed in the fifth and
8 in the sixth year, respectively (see table 1). Event number 32, observed in the third year and
event number 55 in the fifth year were produced by a coincident pair of background muons from
unrelated cosmic ray air showers and have been excluded from the analysis.
In order to describe the data, we perform a likelihood fit of all expected components (atmo-
spheric muons, atmospheric neutrinos from pi/K decay, atmospheric neutrinos from charm decay
and an astrophysical flux assuming a 1:1:1 flavor ratio). The fit is performed in the energy range
of 60TeV < Edep < 10PeV, which is an extended range compared to [4] to include the Glashow
resonance in the prediction. Due to the non-observation of events in this extended energy range the
effect on the fit result is negligible. The neutrino interaction model was updated from previous iter-
ations of this analysis by using corrected charged- and neutral-current cross-sections [9], resulting
in an approximately 25% decrease in best-fit normalization.
As in previous iterations of this analysis, we fit an unbroken power-law spectrum with a vari-
able spectral index, E−γ . The best fit yields a spectral index of −2.92+0.33−0.29. We note that all of the
events in the recent two years have energies below 200TeV, resulting in a softening of the spectrum
compared to previous results [2, 3, 4]. However, due to the large uncertainties these results are still
compatible within 2σ . Furthermore, this result remains compatible with other IceCube results such
as the high-energy upgoing muon neutrino sample [10], from here on called νµ,up, because of their























Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.
IceCube Preliminary
Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1σ uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E−2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1σ uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the νµ,up best fit [10] with 1σ uncertainties. Its length indicates the approximate sensitive energy





Observation of Astrophysical Neutrinos in Six Years of IceCube Data
Table 1: Properties of the events observed in the fifth and sixth year. A list of events 1-37 can be
found in [3], and events 38-54 in [4], respectively. The Edep column shows the electromagnetic-
equivalent deposited energy of each event. “Ang. Err.” shows the median angular error including
systematic uncertainties.
ID Edep (TeV) Time (MJD) Decl. (deg.) R.A. (deg.) Ang. Err. (deg.) Topology
55 −−− 56798.73029 −−− −−− −−− Coincident
56 104.2+9.7−10.0 56817.38958 -50.1 280.5 6.5 Shower
57 132.1+18.1−16.8 56830.52665 -42.2 123.0 14.4 Shower
58 52.6+5.2−5.7 56859.75882 -32.4 102.1 <1.3 Track
59 124.6+11.6−11.7 56922.58530 -3.9 63.3 8.8 Shower
60 93.0+12.9−11.7 56931.93110 -37.9 32.7 13.3 Shower
61 53.8+7.2−6.3 56970.20736 -16.5 55.6 <1.2 Track
62 75.8+6.7−7.1 56987.77219 13.3 187.9 <1.3 Track
63 97.4+9.6−9.6 57000.14311 6.5 160.0 <1.2 Track
64 70.8+8.1−7.7 57036.74378 -27.3 144.5 10.6 Shower
65 43.3+5.9−5.2 57051.66378 -33.5 72.8 17.5 Shower
66 84.2+10.7−9.9 57053.12727 38.3 128.7 18.3 Shower
67 165.7+16.5−15.5 57079.96532 3.0 335.7 7.0 Shower
68 59.1+8.0−6.0 57081.53526 -15.7 294.3 11.7 Shower
69 18.0+2.2−2.0 57133.79007 0.3 236.2 15.7 Shower
70 98.8+12.0−11.1 57134.39812 -33.5 93.9 12.3 Shower
71 73.5+10.0−10.5 57140.47276 -20.8 80.7 <1.2 Track
72 35.3+4.6−4.1 57144.29607 28.3 203.2 19.5 Shower
73 26.2+2.6−2.3 57154.83679 11.1 278.4 6.9 Shower
74 71.3+9.1−8.1 57157.00077 -0.9 341.0 12.7 Shower
75 164.0+20.7−21.4 57168.40450 70.5 259.0 13.1 Shower
76 126.3+12.0−12.7 57276.56530 -0.4 240.2 <1.2 Track
77 39.5+3.8−3.7 57285.01732 2.1 278.4 7.2 Shower
78 56.7+7.0−6.9 57363.44233 7.5 0.4 <1.2 Track
79 158.2+20.3−19.8 57365.75249 -11.1 24.6 14.6 Shower
80 85.6+11.1−10.6 57386.35877 -3.6 146.6 16.1 Shower
81 151.8+13.9−21.6 57480.64736 -79.4 45.0 13.5 Shower
82 159.3+15.5−15.3 57505.24482 9.4 240.9 <1.2 Track
ure 2 where we compare the νµ,up best-fit in its approximate sensitive energy range with the HESE
data. The seemingly large differences in the best-fit slopes could suggest a break in the power-law
spectrum arising from, e.g., a second harder astrophysical component. This possibility has been
previously investigated using 4 years of HESE data [12]. Here, we performed a fit to the HESE
6-year dataset introducing a second astrophysical component, described by a power-law with an
independent spectral index. A likelihood-ratio test comparing the single power-law fit with the
two power-law fit gives a p-value of 37%. Thus, the HESE sample is not sufficient to distinguish
between these models. In a second step, we used the mostly independent2 νµ,up best-fit astro-
physical flux with 1σ uncertainties (contour in spectral index and normalization) as a prior for the
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high-energy (“hard”) component of the HESE two power-law fit. The results are shown in Fig. 3,
together with the single power-law fit. A non-zero second component with a softer spectrum is then
preferred by the likelihood fit. Due to the large uncertainties on this low-energy (“soft”) component
it is compatible with zero within about 2σ in which case the fit reduces to a single astrophysical
component. A corresponding likelihood ratio test comparing the single power-law fit with the two
power-law fit using the independent νµ,up measurement as a prior yields a p-value of 1.5%. Despite
the strong prior, there is no clear evidence for a break in the astrophysical spectrum in the HESE
data. Future IceCube analyses to be presented later this year, using samples extending to lower




























HESE 1-Component Best Fit
νµ Best Fit (prior for Hard)
2-Component - Hard (constrained by νµ prior)
2-Component - Soft
Figure 3: Contour plot of the best-fit astrophysical spectral index γastro vs. best-fit per-flavor
normalization at 100TeV, Φastro. Shown is the single power-law fit in black (“1-Component”),
where the best-fit point is marked with a black star. The best-fit power law is E2φ(E) =
2.46±0.8×10−8(E/100TeV)−0.92GeVcm−2s−1sr−1. The orange contours show the best-fit com-
ponents assuming a two power-law hypothesis with the νµ,up best fit [10], shown in pink, as a prior
for the hard component. Due to the large uncertainties on the soft component it is compatible with
zero within ≈ 2σ , in which case the fit reduces to a single astrophysical component.
energies and incorporating multiple channels, will have improved sensitivity to a possible break in
the astrophysical spectrum. Distributions of the HESE data events compared to background and
best-fit signal expectations for the above described single and two power-law model fits as func-
tions of deposited energy and declination can be found in figures 4a and 4b, respectively.
5. Spatial Clustering
A maximum-likelihood clustering method [3] was used to look for any neutrino point source in
the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right
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(a) deposited energies (b) arrival directions
Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1σ uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.
like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5◦ around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.
6. Future Plans
Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].
Due to the simplicity and robustness of this search with respect to systematics when compared

























































































0.0 12.6TS = 2 ln(L/L0)
IceCube Preliminary
Figure 5: Arrival directions of the events in galactic coordinates. Shower-like events are marked
with a + and those containing tracks with a×. The new events of table 1 are shown in black. Colors
show the test statistics (TS) for the point-source clustering test at each location. No significant
clustering was found.
observations by other experiments. IceCube is already sending public alerts using the HESE chan-
nel for track-like events [13] with the plan to extend this to the full HESE selection including
cascade-like events soon.
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The spectral shape and flavor composition of the high-energy astrophysical neutrino flux can
contain important information about the sources and processes which produce it. The IceCube
Neutrino Observatory has previously demonstrated the ability to observe neutrinos of all flavors
by selecting events which interact within the detector volume. Sensitivity to charged current
muon neutrino interactions in or close to the detector has also been shown by selecting muon
track events whose directions indicate passage through the Earth. We present an updated analysis
of starting events using 6 years of IceCube data taken from 2010–2016 focusing on energies
from the PeV region down to 1 TeV, far below the threshold of the original data sample used
in the initial discovery of the astrophysical flux. Astrophysical neutrinos remain the dominant
component in the southern sky down to 10 TeV. We then also perform a unified analysis of the
flavor and spectrum implications of this sample when combined with the recently published data
on νµ induced muon tracks as well as recent work to identify candidate ντ events.
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All-flavor Multi-Channel Analysis of the Astrophysical Neutrino Spectrum with IceCube C. Weaver
1. Introduction3
Neutrinos have the potential to provide important information for understanding the mecha-4
nisms of energetic astrophysical objects and their relationship to cosmic rays. With the successful5
observation of a diffuse flux of astrophysical neutrinos, both in the form of events starting within6
a fiducial volume of a detector [2, 5] and events with Earth-crossing directions [3], a major goal is7
now to determine the properties of this flux in the greatest possible detail. This can be pursued both8
by extending the selection of neutrino candidate events to capture as many astrophysical neutrinos9
as possible, including substantial numbers of atmospheric neutrinos to ensure that backgrounds are10
well understood, and by combining different selection techniques into more thoroughly integrated11
analyses of the total spectrum. Here, we discuss both improvement of the selection of starting12
events in the IceCube detector and a new iteration of a global analysis of the neutrino flux utilizing13
the latest high statistics datasets and event observables.14
2. Starting Event Selection15
Identifying of neutrino candidate events in IceCube by utilizing a division of the detector into16
an internal fiducial volume and a surrounding veto layer has proven highly successful in obtaining17
a high purity sample of neutrinos. Additionally, a large fraction of these neutrinos are expected to18
be of astrophysical origin. Because the development of this technique was spurred by the observa-19
tion of events in the PeV range of energy [1], the initial focus was on these high energies. Lower20
energies, where backgrounds produced by cosmic ray air showers pose a greater challenge, were21
left unexplored. Subsequently, the veto technique has been extended, using additional event recon-22
struction information and dynamic scaling of the boundary between the fiducial and veto volumes.23
This lowers the selection threshold to events depositing around 1 TeV of energy [5], but thus far24
this enhanced technique has been applied to only two years of IceCube data. This new version of25
the selection further optimizes this technique to maximize efficiency. A splitting algorithm, using26
a form of agglomerative hierarchical clustering, is applied to each recorded event to attempt to27
separate unrelated, coincident events in the detector, with a success rate of about 75%. The ‘outer28
layer’ veto criterion as in [1] is then applied, rejecting all events which are observed to have more29
than three detected photons in the veto region. The splitting reduces the fraction of events falsely30
vetoed due to coincident events and makes this selection a superset of the selection of [1] for events31
which yield at least 6000 photoelectrons detected.32
To provide efficient background rejection for lower energy events, following the technique of33
[5], a more sensitive veto for incoming particle tracks is then applied, relying on the reconstruction34
of the location of the interaction vertex (or a major energy deposition within the event) followed35
by a search over downward directions for detected photons whose timing is consistent with an in-36
coming particle. Any event with more than two such veto photons is discarded. This same veto37
method is also applied in reverse to detect tracks directed outward and upward from the recon-38
structed event vertex, as such a track is a strong indication that the event is a charged-current νµ39
interaction. Events with at least 10 photoelectrons consistent with an upward track are immediately40
preserved. Finally, events which produce lower observed numbers of photons are subjected to a41
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Figure 1: Effective area of the starting event selection for νe (left panel) and νµ (right panel) is shown in
purple, compared to the effective areas from [1] in blue and [5] in green. All effective areas are averaged
over neutrinos and antineutrinos. The effective area for ντ is quite similar to that for νe except for the lack
of the resonance feature at several PeV.
a background muon would have to traverse unseen. An important change with respect to [5] is that43
to avoid discrimination against starting charged-current νµ interactions that produce more clearly44
track-like events, a broader selection using data from IceCube’s first-level ‘online’ filters gives a45
considerable increase in the efficiency with which these events are selected. Fig. 1 shows the result-46
ing effective area for this selection compared to the previous veto-based selections. This selection47
delivers higher efficiency for all event topologies, particularly a factor ∼ 2 for νµ at around 10048
TeV to a factor of ∼ 8 at around 10 TeV. Further, it is intended that this selection will be applied to49
the same six years of IceCube data as in [4], three times the data-taking period covered by [5], and50
it is anticipated that this will continue to be extended in future as new data become available.51
As this selection collects events of both track-like and cascade-like topologies, it is useful to52
distinguish between the two. Events with 10 photoelectrons of out-going light attributable to an53
up-going track are naturally classified as track-like. Otherwise, each event is reconstructed using54
both track and cascade hypotheses, and the average distance of the modules which observed light55
to the best fit particles is computed. This provides a useful observable because true track events56
tend to have light at large distances from the best fit cascade hypothesis. Finally, an unfolding57
of the probable energy depositions within each event is performed, using both a single, point-like58
deposition hypothesis, representing a cascade, and a hypothesis of a linear collection of deposi-59
tions, representing a muon. For bright events with more than 6000 photoelectrons detected, if the60
linear unfolding has non-negligible depositions located more than 500 meters apart, the event is61
considered track-like. Likewise, bright events for which the observed charge associated with the62
linear unfolding is larger than the observed charge associated with the single point unfolding are63
classified as tracks; other bright events are classified as cascades. For dimmer events, if at least 1.564
photoelectrons of out-going charge are detected the event is classified as track-like, and otherwise65
it is considered cascade-like. Based on Monte-Carlo simulations, more than 98% of truly cascade-66
like events are correctly classified as such. Figure 2 shows the success rate for classification of67
true νµ charged-current events, which is above 80% when averaged over energy and position for68
an astrophysical spectrum ∝ E−2.5. Misclassified νµ charged-current events are expected to make69
up 30% of the cascade-like category from a conventional atmospheric spectrum, but only 5% from70
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Figure 2: Probability that starting νµ charged-current events are correctly classified as track-like. Since the
selection requires lower energy events to start deeper inside the detector, these are more likely to be correctly
classified due to having an observation of the out-going track.
3. Starting Event Analysis72
A new sample of starting neutrino events provides opportunities for studying the diffuse neu-73
trino flux. These data will be analyzed using a binned, forward-folding maximum likelihood fit to a74
set of parameterized models, as in many previous analyses. Three observables are used in the likeli-75
hood fit. The reconstructed event energy gives access to spectral shape information. Reconstructed76
event direction (zenith angle in detector coordinates) carries information about atmospheric origin77
due to non-uniform production of atmospheric neutrinos from light meson decays (‘conventional’78
atmospheric neutrinos) and the self-veto effect of muons produced in the same air showers. Last,79
the assessed event topology gives the analysis a degree of flavor sensitivity. In terms of the model80
which will be used to fit the data, four spectral components will be included: the conventional atmo-81
spheric neutrinos, ‘prompt’ atmospheric neutrinos (from short-lived particle decays), penetrating82
muons from cosmic ray air showers, and a diffuse, astrophysical flux of neutrinos.83
The three atmospheric components are each allowed to vary in normalization. No prior is84
placed on the normalization of the conventional component as it is expected to be well constrained85
by the data, the prompt component is given a gaussian prior centered at zero with a width of 2.386
times the ERS model normalization [6] following the result obtained in [7], and the penetrating87
muons are given a prior centered at the rate estimated from a tagged sample of experimental back-88
ground events with a width of 50% [2]. These priors are expected to have only weak influence on89
the final result. In addition, to treat systematic uncertainties arising from the primary cosmic ray90
flux and from the modeling of hadronic interactions in air showers, parameters will be included for91
variation in the effective cosmic ray spectral index and the relative production rates of kaons with92
respect to pions in air showers. Systematic treatment of uncertainties in the response of the detector93
itself will also be addressed, specifically the absolute optical efficiency of the detector, the optical94
properties of the ice surrounding the modules, and the scattering of the ice which was melted and95
refrozen during installation of the instrumentation.96
For the purposes of this study, the astrophysical neutrinos are assumed to be isotropic and97
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IceCube Preliminary
(a) 68% sensitivity to spectral index of a single astrophys-
ical power law flux
IceCube Preliminary
(b) 90% sensitivity to a prompt atmospheric neutrino flux
assuming the spectrum of ERS [6] relative to the normal-
ization of that model
Figure 3: Median projected sensitivity of the starting event analysis to model parameters assuming 6 years
of data. A variety of spectral indices are considered to ensure that the analysis performs well for any possible
input.
power law with variable normalization and spectral index. Additionally, a set of more advanced99
astrophysical models will be tested, including an exponential spectral cutoff, a second power law100
component, and the combination of both of these additions. Finally, the flavor composition of the101
astrophysical flux will be tested by allowing the normalization associated with each neutrino flavor102
to float independently in the fit, although all three flavors will be assumed to have the same spectral103
shape. Fig. 3 shows the expected median sensitivity of this analysis for two of the parameters104
considered over a variety of possible true astrophysical fluxes with different spectral indices and105
normalizations chosen to be consistent with the observations of [2]. This analysis is expected to106
have good resolution of the spectral index of a single astrophysical power law component, but the107
sensitivity to a prompt atmospheric component is expected to be limited by the strength (and also108
uncertainty) of the astrophysical flux, particularly if that flux is relatively soft.109
4. Global Flavor Analysis110
Beyond analyzing the more complete dataset of starting events, it is desirable to unify the111
analysis of all types of neutrino data observed by IceCube. This type of analysis has been per-112
formed previously [8]; the purpose of this new iteration is to use newer datasets and observables113
which have become available. Particularly complementary to the starting event sample is the high114
statistics sample of muons from Earth crossing neutrinos analyzed previously [3], and continues115
to be extended to newer data [10]. While the starting event selection is most sensitive to the as-116
trophysical neutrino flux in the southern portion of the sky, as this is the angular region in which117
atmospheric neutrinos are most strongly self-vetoed, the Earth-crossing neutrinos are most sen-118
sitive to high energy events near the horizon. Consisting almost entirely of νµ charged-current119
events, the Earth-crossing sample has essentially no flavor sensitivity on its own, but provides a120
strong constraint on the νµ portion of the astrophysical flux. The starting event sample constrains121
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possible to do better than treating νe and ντ as equivalent cascade-like events by using specialized123
reconstruction for double cascade events resulting from ντ charged-current interactions as detailed124
in [9]. Some care must be taken when combining these three datasets to avoid double counting125
events. Since the ντ component is the least well constrained, the τ observables only function well126
for high energy events, and the starting event and ντ analysis samples are nearly equivalent at the127
energies where they overlap, the ντ optimized sample is given the highest priority. Events passing128
the ντ optimized selection are treated using its topology classification scheme: For events classified129
as single cascades and tracks, deposited energy and zenith angle are used as observables, while for130
those classified as double cascades, tau length and decay energy observables are used. It would be131
desirable to use the total deposited energy and direction observables for the double cascade events,132
but it appears that doing so would involve dividing the data into too many bins for the amount of133
simulated data currently available to provide precise model expectations in all bins. The remaining134
events of the new, high statistics starting event sample are then included using the same observables135
as in the analysis of that sample alone. Finally, the Earth-crossing muons are included in the fit,136
omitting those starting muon events which were already selected by the starting sample. Muon137
zenith angles and reconstructed muon energies are used for fitting, as in [3]. After de-duplication138
of the input data, events are classified by topology: Single cascade, double cascade, starting track,139
or through-going track, depending on either the topology classification of the source dataset, or by140
treating the entire dataset as a topology category in the case of the through-going muons remaining141
in the Earth-crossing dataset after the starting events are removed. The topology categories do not142
all map to single neutrino flavor, nor are the classifications always correct. These limitations are143
encompassed by the Monte Carlo simulated data, which include all neutrino flavors and interac-144
tion process relevant in the energy range of the analysis, and which are processed and classified145
in exactly the same manner as the observed experimental data. Furthermore, a new feature of this146
analysis is use of a consistent set of simulated data for fitting all observations, ensuring that sys-147
tematic effects will be accounted for in a consistent manner. This is planned to coincide with a148
reprocessing of IceCube data over the time period to be used which will bring old data up to the149
same standard as the most recent data-taking periods, eliminating season to season variations from150
software changes, removing the need for complex treatment to fit these differences out.151
The analysis fit will be performed using the same method as the starting event only analysis,152
and as such the same model parameters will be included. However, as the primary goal of this153
combined analysis is the flavor composition, all fits will be performed with the three flavor com-154
ponents of the astrophysical flux allowed to float to distinct normalizations. Additionally, allowing155
the fitted fraction of neutrinos to vary with respect to the fraction of anti-neutrinos has been ex-156
plored using Monte-Carlo studies. While this analysis would have some ability to constrain such a157
parameter, due to resonant W− production by high energy ν¯e interacting with electrons in the Earth158
(the Glashow resonance) and small changes to the absorption of the flux in the Earth due to the dif-159
ference between neutrino and antineutrino cross sections, the sensitivity does not appear to be great160
enough to be useful at this time, and it seems preferable to continue with the assumption of a flux161
with equal parts neutrinos and antineutrinos and keep this degree of freedom out of the fit. Fig. 4162
shows the projected sensitivity of this analysis using the three samples outlined above. Overall, the163
result is similar to the expectation for the ντ analysis of [9], but the inclusion of the Earth-crossing164
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Figure 4: Median sensitivity of the global analysis to an astrophysical neutrino flux of Φ(Eν) = 1.5×
10−18 GeV−1 cm−2 sr−1 s−1 (Eν/100TeV)−2.3 per flavor. This plot shows the profile likelihood space for the
flavor composition with the total flux normalization allowed to float freely. The sensitivity does not change
substantially for other spectra which are statistically consistent with previous observations.
to constrain an exponential cutoff in the astrophysical spectrum under various scenarios. A cutoff166
can be constrained, except for soft spectra where it becomes impossible to distinguish due to the167
expected number of high energy events being very small whether the cutoff is present or not.168
5. Future Extensions169
Besides the three samples currently integrated into the combined fit, several other data sets are170
complete or nearing completion which can enhance the sensitivity of this analysis. The cascade171
selection of [11] uses different techniques to select starting events and demonstrated to have a large172
fraction of events which do not appear in the starting sample offers the opportunity to substantially173
increase the statistics for cascade events. In addition, the selection for cascade event which are not174
fully contained within the detector [12] will add events not included in either of the contained event175
selections. Similar gains may be possible for ντ candidate events; [13] represents a completely dif-176
ferent paradigm for identifying double cascades, which is expected to have very different strengths177
and weaknesses, and is therefore likely to be a good complement to [9]. Finally, new veto-based178
techniques for selecting additional starting track events [14] may further enhance the number of179
astrophysical neutrinos which can be collected with highly down-going directions. As many of180



























Injected cutoff = 6
Injected cutoff = 7
Figure 5: Median sensitivity of the global analysis to the energy of an exponential cutoff in the astrophysical
neutrino spectrum. Error bars show 68% uncertainty intervals for the fitted cutoff. The extension of these
intervals to energies far larger than any event expected to be observed in data for soft spectra indicates an
inability to distinguish the injected cutoff from a case with no cutoff.
any other new selections and observables which may become available in the near future. Further-182
more, this type of analysis will benefit from improved calibration which will become possible with183
IceCube-Gen2.184
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Differential limit on an EHE neutrino flux component
in the presence of astrophysical background from





We report the quasi-differential upper limits of extremely high energy (EHE) neutrino flux above
10 PeV based on the analysis of nine years of IceCube data. A complete frequentist approach
to calculate the differential limit using the Poisson binned likelihood is developed. It enables the
limit to be set in the presence of unknown astrophysical neutrino flux. An event with deposited en-
ergy clearly above 1 PeV was detected in addition to one event found in the previous EHE neutrino
search. They are consistent with the astrophysical neutrino flux of a power-law-like spectrum but
incompatible with predictions of cosmogenic neutrino fluxes with spectrum peaks at energies well
above the PeV range. Thus, they are considered as the bulk of background events in setting the
limits on EHE neutrino fluxes. The resultant differential upper limit is the most stringent to date
in the energy range between 5×106 and 5×1010 GeV. This result indicates that cosmogenic neu-
trino models that predict a three-flavor neutrino flux of E2νφνe+νµ+ντ ' 2×10−8 GeV/cm2 sec sr
at 109 GeV are constrained, bounding a significant parameter space on EHE neutrino models,
which assumes a composition of proton-dominated ultra-high-energy cosmic rays.
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1. Introduction
The upper limits of cosmic neutrino fluxes depend on their energy spectrum. The spectral
shape of the neutrino flux is often assumed to follow a power-law form, that is, φν ∝E−αν . However,
in the extremely high energy (EHE) region above 10 PeV, many neutrino models predict energy
spectra that do not follow a simple power law. A cosmogenic Greisen–Zatsepin–Kuzmin (GZK)
neutrino spectrum [1], for example, represents a non-power-law structure mostly determined by
unknown physical parameters, such as cosmological source evolution, the spectrum and evolution
function of extragalactic background light, and the energy spectrum of primary ultra-high-energy
cosmic ray (UHECR) nucleons [2]. Variations in the spectral shapes present difficulties for setting
a generic upper limit for neutrino fluxes in the EHE region. Thus, we present model-dependent
constraints for a few representative models [3].
An approach to set a generic, model-independent limit on UHECR source models with EHE
neutrino observations is to calculate the differential upper limit of the EHE neutrino flux. This
idea was originally proposed by Anchordoqui et al. [4]. For null detection with the 4pi-averaged
neutrino effective area Aνi for a neutrino flavor i, this limit is calculated analytically by:






where T is the observation time and N90 is a 90% CL upper limit on the number of events. N90 = 2.4
with the Feldman–Cousins method [5] in the case of negligible background. An equal flavor ratio
of neutrino fluxes: νe : νµ : ντ = 1 : 1 : 1 at the Earth is assumed. This formula is derived from the







This observation implies that the upper limit of Eq. (1.1) is equivalent to the limit on the normal-
ization of the neutrino fluxes following E−1ν with an interval of one decade.
In the case where neutrino event candidates are detected, this formula needs to be modified.
However, the approach to incorporate detected events in the calculation of the differential limit is
not obvious. This lack of clarity arises because the probability density function (PDF) of the pri-
mary neutrino energy for the measured energy of a given event is broadly distributed. In particular,
only a small portion of the parent neutrino energy is deposited in the detector for a neutrino-induced
muon track event. This PDF depends on the unknown true neutrino spectrum.
In this report, we present a complete frequentist approach to calculate the flux limits and
update the constraints using a collection of IceCube data taken over nine years from April 2008
to May 2017. This data sample contains two years of the newest data in addition to that on which
the previous analysis [3] was based. All signal selection criteria are the same as in the previous
publication. Three events that passed the EHE neutrino search criteria were found in the final
sample. Energy proxies and reconstructed zenith angles of these events are consistent with the
astrophysical origin that IceCube has been detecting in the TeV to PeV energy region[6], but not
with the GZK-like EeV-energy neutrinos. Thus, they are considered as astrophysical background
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the unknown astrophysical background is described and the p-value calculations are carried out by
a test statistic using the Poisson-binned likelihood ratio. The model-independent differential limits
are presented. Lastly, the implications of the derived limits for explaining the origin of UHECRs
are discussed.
2. Data and Simulation
IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
between depths of 1450 and 2450 m, forming a three-dimensional array of digital optical modules
(DOMs)[7]. To form the detector, cable assemblies called strings were lowered into holes drilled
downwards into the glacier ice with a horizontal spacing of approximately 125 m. The detector
construction was completed in December 2010 and the observatory has been in full operation with
86 strings (IC86) since May 2011. During the construction period, it was partially operated with 40,
59, and 79 strings, in 2008-2009, 2009-2010, and 2010-2011, respectively. The analysis described
here is based on data taken from April 2008 to May 2017. The effective live time of the sample
was 3126 days. The newest two-year worth of data gives approximately 30% more exposure to the
sample compared to that used in the previous EHE neutrino search [3].
There are two classes of atmospheric background events: atmospheric muon bundles, and
events generated by atmospheric neutrinos. They were simulated using the CORSIKA [8] package
with the SIBYLL hadronic interaction model [9], and by the IceCube neutrino-generator program
based on the ANIS code [10], respectively. The EHE neutrino-induced events were simulated by
the JULIeT package [11]. This package provides the GZK cosmogenic signal simulation sample as
well as simulations of the astrophysical background events, whose spectrum is assumed to be de-
scribed by an unbroken power law in the relevant energy region. The detailed simulation procedure
used in this work is described in Ref. [12].
The EHE signal selection criteria is the same as in the previous analysis [3]. They are de-
signed to find any events yielding Cherenkov light bright enough to be distinguishable from the
atmospheric background, regardless of event topology recorded by the array of DOMs. The ex-
pected number of atmospheric background events in the data sample passing the selection criteria
is 0.085+0.031−0.051. The expected event rate from the GZK cosmogenic model following the source
evolution of the star formation rate (SFR) [15] is 4.80+0.71−1.05. The astrophysical neutrino flux [6],
possibly extending to the EHE region, may yield astrophysical background with rates of. 6 events
in the the present analysis sample, depending on its spectral shape.
3. Poisson-binned likelihood method
The Monte Carlo simulation events of the the IceCube EHE signals passing the final selection
criteria of analysis [3] are filled into a histogram with bins of reconstructed zenith angle θ and
energy proxy Eproxy. The energy proxy used in this analysis was optimized to reconstruct the
energy deposited by EHE muon tracks [13]. Although it does not give the best possible estimate
for cascade events, it provides an unified analysis scheme in the EHE region regardless of event
topologies. θ is the result of reconstruction using a so-called single photoelectron log-likelihood
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in which direction is not well reconstructed, only the energy proxy information is used in the
present analysis. Events with llh values inconsistent with tracks are categorized in this non-track-
like category.
The event-number distributions on the plane of Eproxy and cos(θ) (energy-zenith plane) are
obtained for different cosmic neutrino models. Similarly, the event-number distributions on the
energy-zenith plane for atmospheric neutrino and muon background are obtained. To test a given
cosmic neutrino model hypothesis, the expected number of signal and atmospheric background
events in the ith and jth bins, µSIGi, j and µBGi, j are compared, respectively, with the observed number
of events ni, j via the Poisson probability function fp(ni, j,µSIGi, j + µBGi, j ), where i is the index of the
cosine of zenith angle and j of the energy proxy.




fp(ni, j,λµSIGi, j +µ
BG
i, j ), (3.1)
where λ is the multiplier for a signal model. λ = 1 represents the signal model prediction.
A model test is performed by comparing the model hypothesis of λ = 1 against the alternative





where λˆ is the multiplier to maximize the Poisson likelihood L. An ensemble of pseudo experi-
ments under the model hypothesis gives a PDF of the test statistic Λ. The p-value for a given model
of cosmic neutrinos is subsequently calculated from the PDF by the frequency in which Λ is larger
than the value obtained from the number of events in each bin, on the energy-zenith plane from the
real data.
A test of the background-only hypothesis is also conducted using this scheme. The null hy-
pothesis is represented by λ = 0 in this case.
3.1 Model compatibility calculation
One of the important questions is whether the observed data is consistent with the expectations
from the GZK cosmogenic model or more compatible with a softer power-law flux, such as E−2ν ,
which is expected from astrophysical neutrinos. To test this hypothesis, a scheme similar to as one
described in the previous section is used. In this case, the binned Poisson likelihood is introduced
for both a GZK cosmogenic model and a power-law model:
LGZK(λGZK) = ∏
i, j
fp(ni, j,λGZKµGZKi, j +µ
BG
i, j ),




i, j ), (3.3)
where µGZKi, j is the number of events in a bin of the energy–zenith plane predicted by the GZK
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Figure 1: Expected event distributions on the plane of the energy proxy and cosine of the reconstructed
zenith angle for the flux φDiff = κEE−1ν , spanning a one-decade energy interval centered at Ecν . The event
distributions are the sum of all three neutrino flavors. Events classified as the non-track-like category are
plotted in the bins of cosθ = −1.1. From left to right, the distributions for log10 (Ecν/GeV) = 7.6,8.0,
and 9.0 are shown. Note that the energy proxy is not the best estimated deposited energy which can be
obtained by dedicated energy reconstructions optimized for a given event topology. For display purposes,
the normalization κE is set here so that the energy flux E2νφDiff = 1.0×10−8 GeV/cm2 sec sr, at an energy
of Ecν .
The multiplier with ̂ is the value needed to maximize the likelihood function.
3.2 Nuisance parameter to represent the astrophysical neutrino flux
As the EHE IceCube data sample is expected to contain events consistent with contributions
from a generic astrophysical power-law flux [3], a test of any GZK cosmogenic neutrino model
must incorporate the existence of a power-law flux forming astrophysical backgrounds. We ac-
count for this likelihood by introducing a nuisance flux in the form φα = καE−αν , where κα is an
arbitrarily chosen normalization. A small modification of equation (3.3) gives:
LGZK(λGZK,λα) =∏
i, j




i, j ), (3.5)
where µαi, j is the number of events in a bin from the power-law flux with normalization κα . Taking





where the double-hat notation indicates the profiled value of the nuisance parameter λα , defined as
the value that maximizes LGZK for the specified λGZK. This likelihood ratio, in which λGZK = 1,
is the test statistic for a given GZK cosmogenic model. The baseline model of the nuisance flux is
built with α = 2. We confirm that the impact of different power-law indices are negligible when
constraints are placed in the EHE region. The p-values and the upper limits of the selected GZK
models, which appear in our latest publication [3], were obtained using this procedure.
3.3 Differential limit calculation
As described in Section 1 with Eqs. (1.1–1.2), the differential limit at a neutrino energy of
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decade [log10(E
c
ν/GeV)− 0.5, log10(Ecν/GeV) + 0.5]. The corresponding likelihood is obtained
from equation (3.5) by replacing the number of events from a GZK flux with the number obtained
from φDiff, so that:
LDiff(λDiff,λα) =∏
i, j






i, j ), (3.7)
where µDiff represents contributions from the flux φDiff with the one-decade energy centered at
Ecν . Thus, this expression is a function of E
c
ν . Figure 1 shows the distribution of µDiffi, j on the
energy-zenith angle plane.





An ensemble of pseudo experiments to construct the PDF of Λ(λDiff,Ecν) gives the upper limit
of λDiff with a given confidence level, at an energy of Ecν . By repeating the same procedure with
varying Ecν , the differential upper limit as a function of neutrino energy is produced.
For the previously published differential EHE limit [3], no nuisance parameter was used to
account for an astrophysical background flux. It was found that the PDF of the test staticΛ, given by
Eq.(3.8), depends on the astrophysical normalization κα . In the present analysis, a value of λα = 0
is used in pseudo-experiments for the PDF calculation since it results in the most conservative limit.
4. Results and discussion
Two events passing the final selection criteria were observed. One event among them were
found in the previous analysis and reported [3]1. The newly found event was detected in December
2016. It appears an uncontained shower event. The energy proxy of this event used in the present
analysis (Eproxy) is 2.72 PeV. Note that the best estimated energy of this uncontained shower event
is different from the energy proxy value. Detail on its energy scale and the event topology clas-
sifications are not yet conclusive and are currently under investigation. We in particular study the
possibility that it was produced by a prompt atmospheric muon from a decay of a charmed meson.
The hypothesis that they are backgrounds from atmospheric neutrinos and conventional atmo-
spheric muons was tested by the likelihood ratio test statistic of Eq. (3.2) with λ = 0 and rejected
with a p-value of 0.024% (3.5σ ). They are compatible with a generic astrophysical E−2 power-law
flux with a p-value of 78.8% while they are inconsistent with the GZK cosmogenic hypothesis with
a p-value of 2.5% (2.0σ ), calculated using the test statistic of Eq. (3.6). They exhibit signatures
of astrophysical neutrinos originating in the spectrum, extending from TeV to PeV energies rather
than in a GZK spectrum peaking at energies in the EeV range, and are considered astrophysical
backgrounds.
Figure 2 presents the derived all-flavor-sum differential upper limit using the current method
based on the nine-year set of IceCube data. The three observed events weaken the limit below
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Figure 2: All-flavor-sum differential 90% CL upper limit based on the nine-year collection of IceCube data.
Cosmogenic neutrino model predictions (assuming primary protons) by Kotera et al. [15], Ahlers et al. [16],
and an astrophysical neutrino model by Murase et al. [17] are shown for comparison.
4× 108 GeV. The limit displays the constraints of the EHE cosmic neutrino flux on top of the
power-law flux of astrophysical neutrinos inferred by the present data sample. Any departure from
α = 2 in the nuisance φα model has a very minimal impact on the obtained limit, especially at
energies of 300 PeV or higher, which is the main energy region of interest in this study. It was also
confirmed that the present limit is insensitive to systematic uncertainties in the energy proxy and
topology of the detected events.
The presented differential upper limit in the energy region between 5×106 and 5×1010 GeV
is the most significant model-independent upper limit currently reported. It indicates that models
predicting a flux of E2νφνe+νµ+ντ ' 2× 10−8 GeV/cm2 sec sr at 109 GeV are disfavored by the
current IceCube observation.
The present limit constrains a significant parameter space in EHE neutrino models that assume
a proton-dominated UHECR composition. This constraint arises because the energy flux of UHE-
CRs at 10 EeV,∼ 2×10−8 GeV/cm2 sec sr, is comparable to the present neutrino differential limit.
The UHECR flux contributes only to the local universe at a radius of RGZK ∼ 100 Mpc because
of the energy attenuation of UHECR protons colliding with the cosmic microwave background.
However, neutrinos are able to travel cosmological distances of O(c/H0)∼ 4 Gpc. Thus, UHECR
sources within a sphere of∼ c/H0 contribute to the expected neutrino flux. This volume effect gen-
erally increases the neutrino flux relative to the UHECR flux by a factor of∼ c/H0/RGZK ∼O(10).
This balances the energy conversion factor from a UHECR proton to its daughter neutrino (5 ∼
10%), leading to an amount of neutrino energy flux comparable to the energy flux of UHECRs, if
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5. Summary
We have introduced a new method that employs the binned Poisson likelihood method for
deriving the quasi-differential upper limits of neutrino flux using a nine-year IceCube data set.
A method using a nuisance parameter to represent astrophysical background determined by the
observation data is presented. The differential upper limit based on nine years of IceCube data is
obtained. The limit is the most stringent recorded to date in the energy range between 5×106 and
5×1010 GeV. It indicates that any cosmic neutrino model that predicts a three-flavor neutrino flux
of E2νφνe+νµ+ντ ' 2×10−8 GeV/cm2 sec sr at 109 GeV is constrained.
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One of the prime goals of the IceCube Neutrino Observatory is to identify tau neutrinos in the
astrophysical neutrino flux. The most recent tau neutrino search is based on the high-energy
starting event (HESE) sample and has not found any events that could be classified as tau
neutrinos. However, this sample rejects all events in the outer detector region to suppress
atmospheric background. Given the low expected number of identifiable tau neutrino events it
is desirable to combine different suitable event selections in future searches. Here we present
an approach where we use an event selection based on a shower-like event signature rather
than a fiducial volume veto. This retains events in the outer parts of the detector while greatly
reducing background from track-like events. We identify tau neutrino events by means of direct
reconstruction of the double cascade topology. Based on Monte Carlo studies, combining this
sample and the HESE sample will enhance the number of identifiable tau neutrino events by
∼20-45% for a given observation time at a similar background level.
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1. Introduction
The IceCube Neutrino Observatory is a km3 Cherenkov detector at the South Pole [1]. It dis-
covered an astrophysical flux of high energy neutrinos in 2012 [2]. The highest energies deposited
in the detector by neutrino interactions are well above 1 PeV, meaning that the neutrinos responsi-
ble cannot have been produced locally in the Earth’s atmosphere and must be of cosmic origin. If
the dominant production mechanism is pi± decay resulting in a flavor ratio of νe : νµ : ντ of 1 : 2 : 0
at the source, the expected flavor ratio on Earth is νe : νµ : ντ ≈ 1 : 1 : 1 due to neutrino mixing [3].
Therefore, we expect one third of the astrophysical flux measured with IceCube to be caused by ντ
interactions. With a negligible atmospheric ντ content [4, 5], identifying ντ interactions in the Ice-
Cube data would be yet another smoking gun signature of the cosmic origin of the highest-energy
neutrino flux. However, to this day no ντ event has been identified with IceCube [6, 7].
There are three event topologies in IceCube to be distinguished. Track-like events stem from
charged current νµ interactions and atmospheric muons, as well as charged current ντ interactions
where the τ lepton decays muonically (branching ratio of ∼ 17%). Cascade-like events come from
νe or neutral current interactions, and from charged current ντ interactions where the τ lepton
decays too quickly to be resolved.
Only charged current ντ interactions can create a double cascade [8], where the first cascade
comes from the neutrino interaction and τ production, and the second from the τ decaying electro-
magnetically or hadronically (branching ratio of ∼ 83%). However, the τ lepton has a mean decay
length of 〈Lτ〉 ∼ 50 m ·Eτ [PeV], where Eτ is the τ energy. Therefore, charged current ντ inter-
actions become distinguishable from νe or neutral current interactions only at energies & 100 TeV.
More details on these event topologies can be found in [7]. So far, two dedicated ντ analyses have
been presented using different event selections. While [6] looked for double pulse signatures in the
waveform of individual digital optical modules (DOMs) in 3 years of IceCube data, [7] searched
for double cascades using direct reconstruction in 6 years of IceCube data. At neutrino energies
& 100 TeV, where the τ lepton can live long enough to create a resolvable double cascade sig-
nature in the detector, the measured neutrino flux is rather low. Here we present an approach to
increase the event sample used for the double cascade search by combining different selections of
high-energy neutrino events.
2. Data Samples
2.1 High-Energy Starting Events (HESE)
The HESE sample is based on the event selection described in [2]. A veto layer is used to
suppress incoming atmospheric background, resulting in a decreased effective volume. All events
are thereby required to start inside the detector. It is an all-flavor event selection, with events
classified as cascade-like or track-like. As the HESE event selection does not discriminate event
shapes, it retains a similarly high efficiency for ντ events at all tau decay lengths.
In the years 2012-2016, four cascade-like events with energies above 100 TeV were seen in
HESE, but not in the cascade sample described below, as they did not fulfill all of the cascade-
selection criteria. The currently available HESE sample contains 49 events with a deposited energy





Improving Future High-Energy Tau Neutrino Searches in IceCube J.Stachurska, M. Usner
events and 2 atmospheric muons [9]. This is the event selection used in [7], where the third event-
topology of a double cascade has been introduced.
2.2 Contained Cascade Events
The contained cascade event selection makes use of almost the entire instrumented volume
and uses topological criteria like the sphericity of the Cherenkov light pattern to select cascade-like
events and reject track-like events [10, 11]. Therefore, the efficiency of the cascade event selection
to ντ events is highest for events with short tau decay lengths that have spherical light patterns and
decreases with increasing tau decay lengths.
The sample consists of six years (2010-2016) of cascades, of which the high- and medium-
energy part above ∼ 10 TeV deposited energy will be used. In the time period between 2012
and 2016 there are 19 events with energies above 100 TeV, ten of which are not in the HESE
sample. This includes one event originating from an interaction in a layer of ice where light is
strongly attenuated due to a high concentration of dust particles. There is no contamination from
atmospheric muons expected above 60 TeV deposited energy.
Due to the steeply falling spectrum of the astrophysical neutrino flux, most of the identifi-
able double cascade signal is expected to have tau decay lengths close to the resolution threshold.
Therefore, the high-energy part of the cascade sample provides an excellent addition for a search
for ντ interactions. The work presented here is the first study aimed at identifying ντ events in the
contained cascade sample.
2.3 Uncontained Cascade Events
The outer parts of the detector are used as a veto region to varying degrees in both event se-
lections described above. As shown in [10, 12], this area of the detector allows a reasonably good
separation between astrophysical neutrino signal and atmospheric muon background. Events in
the uncontained cascade sample have interaction vertices reconstructed at the rim of the detector,
either close to the outer strings or below the instrumented volume. To suppress background from
atmospheric muons, events with vertices at the corners of the detector are discarded and only high-
energy events are kept. The event selection is designed to provide a sample that is statistically
independent from the contained cascades sample. So far, it has been applied to two years (2010-
2011) of data, but efforts are underway to extend the event selection to all currently available data.
While this sample offers a gain in the number of identifiable ντ events, it is more difficult to re-
construct events not contained inside the detector with the presently used algorithms. Therefore,
the addition of the uncontained cascade event sample for a ντ search is desirable, but challenging.
This sample has not yet been used for follow-up ντ searches, either.
The event numbers for the published samples are summarized in Table 1, showing the number
of events with reconstructed energies > 100 TeV for all topologies (cascades and tracks), cascades
only and cascades found only in that event selection. The effective areas for tau neutrinos for the
three described event selections are shown in Figure 1. Note that the uncontained cascade event
selection has only been applied to two years of data, and efforts are presently ongoing to extend the
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event numbers (> 100 TeV) all topologies cascades unique cascades
HESE 6-year 27 22 7
contained cascades 6-year 26 26 14
uncontained cascades 2-year 9 9 8
Table 1: Number of events with > 100 TeV reconstructed energy observed in the three samples considered.
The number of events for all topologies, cascades, and the number of cascades found only in the given
sample are shown. Note that the published uncontained cascade sample covers two years only.
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Figure 1: Effective areas for tau neutrino interactions using the HESE, contained cascade, and uncontained
cascade event selections. Note that the uncontained cascade event selection is currently studied and might
change.
3. Observables sensitive for tau neutrino identification
This study is done using a reconstruction where an algorithm maximizes the likelihood of
the given event’s light deposition using the double cascade hypothesis [7, 13]. Out of the nine fit
parameters, three are used to identify double cascades: the energy of the first (hadronic) cascade
creating a τ lepton, the length the τ lepton travels before it decays, and the energy of the second
(hadronic or electromagnetic) cascade of the τ decay. Figure 2 shows the simulated survival rate of
astrophysical tau neutrinos with deposited energies above 60 TeV producing a double cascade as a
function of tau decay length in the HESE, combined HESE + contained cascades, and combined
HESE + contained cascades + uncontained cascades samples. Assuming an astrophysical flux of
Φντ = 1.0 · 10−18( E100TeV)−2 GeV−1 cm−2s−1sr−1, 3.65 tau neutrino double cascade events per
year are expected in the combined sample, but only 1.36 (0.86) of these have a resolvable tau decay
length of > 10 m (> 20 m). The gain from including the contained cascade sample reaches ∼50%
for the lowest resolvable lengths of ∼10 m as compared to the HESE sample alone, and ∼80% if
both contained and uncontained cascades are included. The challenge is to resolve as many of the
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Figure 2: Simulated survival rates of astrophysical tau neutrino interactions with deposited energies above
60 TeV producing a double cascade as a function of tau decay length in the HESE, combined HESE +
contained cascades, and combined HESE + contained cascades + uncontained cascades samples, assuming
an astrophysical flux of Φντ = 1.0 ·10−18( E100TeV )−2 GeV−1 cm−2s−1sr−1.
The main goal of this study is then separating signal from background events based on the
observables of the fit and classifying them as either double cascade, single cascade, or track in
order to obtain signal and background rates for the combined data sample. Please note that the
separation criteria here are not identical to the ones used in [7], and that we introduce a new variable
in this work, the likelihood ratio, which we describe below. Only charged current ντ interactions
can create a true double cascade. However, the shorter the tau decay length is, the more does the
light pattern resemble that of a single cascade. Large stochastic energy losses along a muon track
can mimic a double cascade.
A useful observable is the tau decay length Lτ , where the algorithm gives a good resolution
above 10 m. Single cascades tend to be reconstructed as either double cascades having small (below
10 m) separation lengths, or with an arbitrary separation length and one of the cascades having
almost no energy. The latter is easily explained by a random noise hit somewhere in the detector
far away from the neutrino interaction. For its removal the energy asymmetry AE := E1−E2E1+E2 is used,
with E1 (E2) being the reconstructed energy of the first (second) cascade. For single cascades, the
values for AE peak at ±1. Thus, events with high positive or negative energy asymmetries are
classified as single cascades. In this work, we introduce a new parameter to distinguish double
cascades from single cascades. We fix the tau decay length to 0 m and use the reconstruction
algorithm to fit both cascades at the same point, thus making it a single cascade. The likelihood
values are compared to the free minimization, and the event is only classified as a double cascade
if the test statistics −2log L(0m)L(bestfit) > 1 is fulfilled. This is a powerful tool to distinguish between
single and double cascades, as quite naturally, the single cascade hypothesis describes a real single
cascade better.
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power. There is, however, a physical correlation between the mean tau decay length and its energy:
as mentioned above, 〈Lτ〉 ∼ 50 m ·Eτ [PeV], albeit with a large spread about the average value. This
can be used to define a signal region in Lτ -vs.-E2 space, classifying events with Lτ < 500 m ·E2
[PeV] as signal-like, and events with Lτ ≥ 500 m ·E2 [PeV] as track-like (this concept is illustrated
in Figure 2 of [7]). These cuts allow for a 90% double cascade purity in the signal sample selected
from contained cascades.
To get the same purity in the sample containing the additional HESE events, one more variable
has to be used in addition to the cuts developed for the contained cascade sample as a final step to
reduce the remaining track-like background. We use the energy confinement, i.e. the fraction of
the total energy that is deposited in the vicinity of the reconstructed cascade vertices. Only events
with a confined energy fraction close to 1.0 remain in the double cascade sample.
As the reconstruction algorithms used for this study have only been tested for events contained
inside the detector volume, the study initially focused on double cascades with both vertices recon-
structed inside the detector. This restriction poses a major challenge when aiming to extend the
search for ντ interaction to events that do not have both vertices contained inside the detector. Cur-
rently the performance of the algorithm and cuts for events that are outside the detector boundaries
is being studied.
4. Results from the combined sample
The expected signal and background rates are investigated for the contained cascade and the
HESE sample separately, as well as for the combination of both samples. Note that the contained
cascade sample has significant overlap with the HESE selection; ∼ 50 % of the events in the com-
bined sample pass both event selections. While there is no overlap between contained and uncon-
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Figure 3: Simulated passing rates of astrophysical tau neutrino interactions with deposited energies above
60 TeV producing a double cascade with separation > 10 m in the contained cascades and HESE event
selection, and the combined sample for the same flux as in Figure 2. Left: Passing rate as a function of
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samples from events at the bottom of the detector. This has been taken into account properly when
combining the samples.
Figure 3 shows the passing rates of astrophysical tau neutrino interactions in the contained
cascades and HESE samples, as well as in the combined sample. Given the nature of the event
selections considered here, it is not surprising that the cascade sample retains many ντ events with
low tau decay lengths, while the HESE sample has a much higher efficiency for ντ events with
tau decay lengths above ∼ 100 m, as the contained cascades event selection selects shower-like
topologies and rejects events with elongated or track-like light patterns. Combining both samples
for a search for ντ -interactions is thus desirable.
Our results are shown in Figure 4. For reconstructed tau decay lengths > 20 m, the combined
sample will lead to an increase in identifiable tau neutrino events by ∼ 30% as compared to the
HESE selection alone assuming a hard spectrum with a spectral index of γ = −2. The expected
gain in the 10-20 m separation length region is even higher at ∼ 50%. With this spectrum, ∼ 3
signal events with separation lengths above 20 m are expected in the combined sample with eight
years of data, at a background level of 10 %. With a measured spectral index of γ−2.48±0.08 in
the cascade sample [11], the number of very high-energy events is expected to be lower. Therefore,
it is even more important to extend the ντ search to the cascade sample, as it has a larger effective
area than HESE at lower energies and separation lengths. For the softer spectral index of −2.48,
∼ 2 events are expected in the combined sample for eight years of data, for separation lengths
> 20 m. The gain from including the cascade sample is shown in Table 2 for both spectra.
The uncontained event selection provides additional events not seen in either of the other
samples. However, the performance of the double cascade reconstruction algorithm on uncontained
events needs to be studied further. Assuming that a similar efficiency as for contained events can
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Figure 4: Simulated rates of identifiable astrophysical tau neutrino interactions with a reconstructed double
cascade with separation > 20 m in the contained cascades and the contained cascades + HESE combined
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energy spectrum E−2 E−2.48
tau decay length 10−20 m > 20 m 10−20 m > 20 m
gain from including ∼ 50 % ∼ 30 % ∼ 65% ∼ 35%
cascades ∼ 40 % ∼ 50 %
Table 2: Gain in the observable number of events with > 60 TeV deposited energy from combining the
contained cascade sample with the HESE sample. The E−2 spectral index denotes the flux used in Figure 2,
the E−2.48 spectral index denotes the flux observed in [11].
be achieved, an additional ∼ 15% identifiable tau neutrino events can be added to the combined
HESE and contained cascades sample.
5. Summary and Outlook
Six years of IceCube data have not yet revealed astrophysical ντ interactions. However, the
most promising search to date has been based on only the HESE sample, with an expectation of∼ 2
identifiable ντ events [7]. Combining this effort with the high-energy part of the contained cascade
sample increases the expected number of identifiable ντ events by∼ 30% in the almost background
free region of separation lengths ≥ 20 m and by ∼ 50% for separation lengths of 10-20 m. For a
softer spectrum, the importance of combining the two samples is even higher, and the gain from
incorporating the cascade sample is ∼ 65% for separation lengths of 10-20m.
Another not yet incorporated sample is given by the uncontained cascades. While the recon-
struction algorithms used have been developed for events that are contained within the fiducial
volume, a study of their efficiency on not fully contained events is underway. If a good separa-
tion between double cascades and background can be achieved, another ∼ 15% gain in ντ events
(compared to the combined sample of contained cascades and HESE) is possible.
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The IceCube Neutrino Observatory has detected a diffuse astrophysical neutrino flux which is
expected to have a close to equal ratio of neutrino flavors due to thorough mixing over astronom-
ical baselines. However, IceCube has yet to detect astrophysical tau neutrinos. A tau neutrino
undergoing charged current interaction will have two subsequent energy losses, the first from the
neutrino interaction and the second from the decay of the secondary tau lepton. At PeV neutrino
energies, IceCube can resolve these depositions as two separated cascades. At energies near hun-
dreds of TeV the cascades are not well separated but can be observed as a double pulse waveform
in individual IceCube sensors. Here we will present three techniques to improve tau double pulse
waveform identification. One technique utilizes neighboring IceCube light sensors to observe a
double pulse event, another incorporates machine learning algorithms to boost detection of double
pulses, and the third explores the possibility of stacking waveforms to increase the double pulse
signal. The first two approaches show a promising increase of signal rates by at least 50% while
keeping similar or lower backgrounds at the double pulse waveform identification stage.
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1. Introduction
IceCube has discovered a flux of high energy neutrinos which is currently consistent with an
origin of unknown astrophysical sources [1]. These astrophysical neutrinos stream to IceCube from
extragalactic and galactic sources, covering astronomical distances during which they oscillate fla-
vors. Regardless of the flavor composition at production, the neutrino flux oscillates to a nearly
equal 1:1:1 flavor composition [2] assuming standard neutrino oscillations. The direct observation
of a ντ will be an additional confirmation of astrophysical origin of high energy neutrinos observed
by IceCube due to a substantially smaller atmospheric background [3]. A recent global analysis
from IceCube found the flavor ratio to be consistent with 1:1:1 but with large uncertainties [4, 5].
This is partly due to IceCube not yet identifying a ντ [6, 7], which is consistent with expectations. A
precise flavor ratio measurement will help constrain new physics in previously unconstrained neu-
trino oscillation sectors [2, 8]. We will present three improved techniques to identify ντ interacting
inside of IceCube.
IceCube is a cubic kilometer detector at the geographic South Pole designed to detect GeV-
PeV neutrinos. The detector consists of 86 strings, 78 spaced at 125 m and 8 strings in the center
with closer spacing, each holding 60 digital optical modules (DOMs). The 78 strings spaced at 125
m hold the DOMs equally spaced at depths between 1450 m to 2450 m below the surface and the 8
closer spaced strings hold 50 DOMs between 2100 m to 2450 m and 10 DOMs between 1900 m to
2000 m [9]. This array of DOMs encompasses 1 gigaton of ultra-transparent glacial ice, making
the largest calorimetric detector in the world. Each DOM consists of a 10 inch PMT connected to
digitizing electronics. The waveforms collected by the PMTs are digitized before being sent to the
surface. There are two types of waveform digitization, the Analog Transient Waveform Digitizer
(ATWD) and the Fast Analog to Digital Converter (FADC). Two of the techniques presented here
use the ATWD digitization which provides the most detailed description of the photon arrival time
available. The ATWD uses three gain factors, 16, 2, 0.25, over a nominal gain of 107. During
digitization the highest gain without saturation is used to capture the finest details of the waveform.
The ATWD captures the waveform in 3.3 ns bins with 128 samples.
2. Tau Neutrinos in IceCube
IceCube observes the Cherenkov light produced by the secondary particles created in the inter-
action of the neutrino with the ice nuclei. A ντ undergoing a charged-current interaction can have
a unique topology in IceCube. The interaction produces a τ lepton which travels a distance about
50 m per PeV of the τ lepton energy away from the interaction vertex and subsequently decays. If
the τ decays to hadrons or an electron there will be exactly two high energy depositions following
the neutrino interaction as shown in Fig. 1 (left). However, IceCube can only distinguish the two
depositions if the τ has a sufficiently long life time, which corresponds roughly to a τ that has
traveled 5 m and above. If the tau decay length is long enough (>50 m), the two depositions can
be resolved and reconstructed separately. This topology is referred to as a double bang [6, 10]. At
more intermediate lengths (5-50 m) the two losses cannot be well separated, but may create two
pulses in an optical module waveform, referred to as a double pulse. A search for these double
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consistent with the expectation [7]. In these proceedings we present three techniques that improve
the algorithm previously used to identify double pulses in waveforms and remove single cascade
event backgrounds, Fig. 1 (right) shows exemplary signal and background waveforms. Not dis-
cussed in these proceedings is the necessary separation of track-like background events generated
by νµ charged current interactions and atmospheric muons. These track-like events can create a
double pulse signal due to subsequent stochastic losses near DOMs but are straight forward to
remove due to their event shape.






















ντ  Double Pulse Waveform
νe Single Cascade Waveform
Figure 1: Left: Diagram (not to scale) showing a ντ undergoing a charged current interaction
inside of IceCube. The blue spheres depict IceCube DOMs not drawn to scale. The two energy
depositions of the charged current interaction and subsequent τ decay can be observed by a single
DOM which creates a double pulse waveform. Right: Simulated ATWD waveforms recorded by
individual DOMs. While a charged current ντ interaction creates a double pulse, a νe charged
current interaction is observed as a single pulse. The goal of the double pulse identification is to
separate these two types of waveforms.
3. Double Pulse Waveform Identification Techniques
3.1 Local Coincident Double Pulse Waveforms
Double pulse events are only observable in energetic, bright events, and in DOMs near the
interaction vertex. Therefore, events with less than 2000 detected photoelectrons (PE) are rejected,
and only the ATWD waveforms of individual DOMs which detected at least 432 PE are analyzed
for a double pulse waveform. The original double pulse identification (DPI) was designed to find
double pulse waveforms in individual DOMs while rejecting single pulse waveforms. The nec-
essary features to identify a double pulse are the rising and falling edge of the first pulse and the
rising edge of the second pulse. A second pulse falling edge is not necessary to search for as it is a
guaranteed feature and offers no discriminating power. First a sliding time window is used to find
the start of the waveform pulse. Then the rising and falling edges are found by calculating the time
derivative of the waveform smoothed over 4 ATWD time bins, a 13.2 ns period. Once the necessary
edges are found, their duration and steepness are determined and used to decide if the waveform
is a double pulse. High thresholds for the rising and falling edges were necessary to reduce the
single cascade background waveforms which can have additional structure due to scattering light
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Table 1: Comparison of the threshold values from the improved local coincidence method to the
method used in the previous analysis. These are threshold values for declaring a waveform with
two rising edges and a falling edge a double pulse.
LC Method PRD 93.022001
1st Rising Edge Steepness >1 mV/ns >10 mV/ns
1st Rising Edge Duration >13.2 ns >26.4 ns
Falling Edge Steepness <-0.5 mV/ns <-17 mV/ns
Falling Edge Duration >26.4 ns >26.4 ns
2nd Rising Edge Steepness >12 mV/ns >18 mV/ns
2nd Rising Edge Duration >39.6 ns >39.6 ns
The improved method, referred to as Local Coincidence (LC) method, adds a requirement
for the double pulse waveform to be observed in pairs of nearest or next-to-nearest DOMs. A
single cascade event tends to not create irregular waveforms in multiple DOMs while a double
cascade tends to create double pulses in multiple DOMs. This allows a lower threshold widths
and steepness of the rising and falling edges of the double pulse waveform without increasing the
background rate. The threshold values of the original DPI and the LC modification are shown in
Table 1. These thresholds were found by scanning over the six parameters and picking the set with
the highest signal rate while keeping a 10:1 signal to single cascade background rate. One notable
difference between the two thresholds is the significantly smaller rising edge threshold of the LC
method. A first rising edge is a feature in both single cascade and double cascade events and so is
not a good discriminator between background and signal. However, in the original method the first
rising edge threshold was large to reduce prepulsing single cascade events. In the improved method
this background is not a concern because prepulsing is a random process and rarely occurring in
multiple DOMs in an event.
ντ interactions tend to have low inelasticity because of mass threshold effects of τ production,
which manifests in IceCube as a small first energy deposition and more energetic second deposition.
Decreasing the first pulse threshold makes this low inelastic phase space observable. Additionally
the overall decrease in the double pulse thresholds makes lower energy ντ events observable. Both
of these effects increase the effective area, as shown in Fig. 2. Overall the LC technique has a
50% increase in signal rate over the previous technique while maintaining a similar signal purity.
A Monte Carlo event that passes the improved selection that would have been previously rejected
is shown in Fig. 2.
3.2 Machine Learning Based Double Pulse Selection
A further next improvement under consideration is to employ multivariate machine learning
algorithms. The event selection used in this approach consists of two major steps. First, quality
cuts identical to those discussed in section 3.1 are applied. Following the quality cuts, samples
of signal waveforms and background waveforms are selected which are used to train a Random
Forest [11]. As in the LC method, the goal is to reject waveforms from events with single cascade
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Figure 2: Left: Effective areas for the previous 3 year analysis, denoted by PRD 93.022001, the
improved local coincident method discussed in section 3.1, and the machine learning technique
discussed in section 3.2. Right: Monte Carlo event that passes the re-optimized LC double pulse
algorithm that would have been rejected by the previous analysis. This is a simulated down-going
ντ event with Eν = 385 TeV undergoing CC interaction in the detector. The two overlapping
spheres in grey indicate the interaction and decay vertices with deposited energies of 111 TeV and
273 TeV respectively. The tau decay length is 12 m.
All waveforms that pass the quality cuts, are characterized by the same features calculated
on their derivative as explained in section 3.1. Here, feature denotes an observable quantity of a
particular waveform. Signal waveforms for training the Random Forest are selected by a set of
cuts on these features which is described in [12]. These cuts were optimized to retain as many
double pulse waveforms from a hand-selected sample as possible by applying rather loose cuts to
the steepness of the first and second rising edge with no restrictions on the falling edge steepness.
They were later re-optimized to reject single cascade waveforms more efficiently.
Background waveforms for training are sampled uniformly at random from all single cascade
background components (all flavor neutral current neutrino events and charged current electron
neutrino events) according to their relative occurrence of expected waveforms from an assumed
E−2.13 astrophysical flux [13]. In addition to the already described derivative features, eight new
features are added. The new features are primarily focused on characterizing the statistical proper-
ties of the waveforms, their smoothness and their consistency with a single cascade waveform. The
waveform mean, an energy proxy, allows the model to easily vary cuts depending on the energy
deposited in the DOM. Another important feature describes the agreement of the waveform with
a fit to an exponential function starting at the maximum of the first pulse. A good agreement is
consistent with single cascade waveforms.
These features are used in a Random Forest [11] to distinguish double pulse waveforms from
single cascade waveforms. The forest is trained and tested in a 10-fold cross validation with 200
trees, using∼ 6500 signal and 1.8 ·106 background waveforms. The resulting Random Forest score
distributions for signal and background waveforms are shown on the left side of Fig. 3. The output
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those that are more double pulse-like.
























































Figure 3: Results of the double pulse waveform selection. Left: Distribution of the classification
score of the waveforms. The standard deviation of each bin is determined within the cross vali-
dation. Right: Purity as well as the expected remaining event rates per year as a function of the
classification score cut.
This selection requires at least one waveform per event passing the Random Forest score cut.
The right side of Fig. 3 shows the resulting purity as well as expected event rates from ντ CC inter-
actions and all single cascade background components. The score cut was chosen at 0.2 to retain
as much signal as possible, while still reaching a purity of ∼ 97%. The assumed astrophysical
flux is an unbroken power law with a per flavor normalization of 0.9 ·10−18 GeV−1 cm−2 s−1 sr−1
at 100 TeV and a spectral index of 2.13 [13]. Expected remaining event rates for signal and sin-
gle cascade background components can be found in Tab. 2. The resulting effective area of this
selection in comparison to [7] at the same analysis stage is depicted on the left in Fig. 2. It shows
an improvement of the effective area with respect to the original DPI at energies above ∼ 70TeV
which leads an increase in expected signal rate of around 50 %.
3.3 Charge Stacking Technique
Table 2: Preliminary event rates for
signal and single cascade background
components of the machine learning
based double pulse selection. The as-
sumed astrophysical flux can be found
in [13]. Uncertainties are statistical
only.
Event Type Events per year
Astrophysical ντ CC 0.486±0.005
Astrophysical νeCC 0.010±0.001
Astrophysical νNC 0.004±0.001
Another way to extend the double pulse analysis
currently under investigation is to stack the informa-
tion gained from multiple DOMs. Instead of using the
raw waveforms, a common frame of time and charge
amplitude across all DOMs based on unfolded charge-
timing information is produced and analyzed [14].
The stacked charge information is ideally the re-
covered arrival time of all the photoelectrons produced
within the DOMs and so not a continuous function. It
is much coarser than the original waveforms. Thus,
the double pulse identification algorithm had to be
adjusted. The extracted charge of each DOM being
stacked is combined in a single charge-time distribu-
tion with 12 ns time bins starting at the time that 1%
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detector. The distribution is further smoothed using a three bin moving average ("box smooth-
ing") algorithm. For an example of such a histogram compare Fig. 4 (left). An upper time bound
of the distribution of 500 ns is chosen to avoid issues with the known "afterpulsing" behavior of
DOMs [9] that might mimic a second pulse. To ensure a proper reconstruction quality and to meet
minimum energy requirements a total charge of 1000 PE within the whole detector and a charge of
100 PE deposited in the time bin with the highest charge is demanded to pass the selection. The
requirements for the pulse identification algorithm differ for the first and second pulses. Since the
beginning of the first pulse often falls outside the previously defined start time, the first pulse is
defined as either a region of positive "slope" followed by a region of at least three bins of negative
"slope" or simply a region of at least three bins of negative "slope" starting from the beginning of
the distribution. The "slope" is being defined by the use of derivative proxies Di at bin n. The three
proxies D1, D2, D3 used are based on the charge Qn of neighboring bins: Di ∝ (Qn+i−Qn−1).
If any of the proxies has the same sign as the "slope" in the previous bin, it is considered
unchanged. The additional requirement for the second pulse is an amplitude of at least half that
of the highest charge bin in the distribution and a minimum start time of 100 ns. Unlike for the
first pulses, both a rising and falling edge are now required. As before the falling (rising) edge is
defined by at least three bins of negative (positive) derivative D using any of the three proxies.
Depending on the exact event geometry stacking the charge of multiple neighboring DOMs
can lead to very sharp, short time frame charge pulses. This is caused by arrival time difference of
light corresponding to the distance of the DOMs instead of the geometric difference between the
ντ interaction and τ decay. The algorithm removes these "false" double pulses by requiring that
none of the bins defining the start of the falling edge have a charge smaller than half the amplitude
of the pulse. For an example of this charge structure compare Figure 4 (right).
Figure 4: Left: Example of a stacked charge distribution of a ντ event for the brightest string.
At times ta, tb and tc the slope shows a falling, a rising and another falling behavior respectively.
Right: Stacking the charge information can lead to multiple pulses for single cascade events. The
time structure corresponds to the DOM separation. Lower curves: Derivative proxy Di behavior.
The final open issue remaining for this technique is how to choose which DOMs to stack. The
first naïve choice is to use them all. This, however, introduces a similar false positive problem as
mentioned before due to the large separation between the IceCube strings. This time though, the
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vertices of the ντ signal and so cannot easily be removed. A way around this is to only consider
DOMs on the string with the highest total charge. Still, charge information of too many DOMs far
from the event vertex "wash out" the double pulse signal and lead to a rather low passing rate of
signal events. A promising approach seems to be to start with a selection of a combination of any
two adjacent DOMs on the string and see if the event passes the selection. If not, we take three,
four, etc. adjacent DOMs and repeat the algorithm until either the algorithm finds a double pulse
or all combinations have been checked. If no double pulses are found the event is considered a
background event. For a benchmark E−2 spectrum this leads to a signal passing rate of ≈ 0.24
events per year with a νe event background contribution that is < 5 %. The overlap fraction with
the original double pulse method [7] is smaller than 1/3 showing that this method adds additional
information.
In addition to members of the IceCube collaboration we’d like to acknowledge the work of
James Parkes who was directly involved in developing this technique.
4. Conclusion and Outlook
The direct observation of a ντ interaction in IceCube will be another confirmation of astro-
physical neutrinos and can shed light on potential new physics. IceCube has yet to identify a ντ
interaction but becomes more likely with increased observation time and improved methods as
presented here. The improved double pulse identification methods presented here use more so-
phisticated techniques and additional information than the previous method that allows IceCube to
access double cascade ντ events at lower energies and previously unexplored phase spaces.
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